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I n t r o d u c t i o n  

The s u l f u r  i n  c o a l  e x i s t s  as  b o t h  o r g a n i c  and  
forms.  The i n o r a a n i c  f o r m s  are p r e d o m i n a n t l y  i r o n  D v r  

i n o r a a n i c  _ _  t e ,  i l t h o u g  1 
o t h e r  metal (syff$?s a n d  s u l f a t e s  s u c h  as gypsum may a l s o  be p r e s e n t .  
ASTM tes t s  allow u s  t o  d e t e r m i n e  t h e  t o t a l  s u l f u r  content of  
coals and t h e  i n o r g a n i c  s u l f u r  fo rms  p r e s e n t .  The t o t a l  s u l f u r  i n  
o r g a n i c  s t r u c t u r e s  i s  u s u a l l y  d e t e r m i n e d  by d i f f e r e n c e ,  a l t h o u g h  
e l e c t r o n  m i c r o p r o b e  c a n  be used  t o  d e t e r m i n e  i t  d i r e c t l y .  

D e s p i t e  its i m p o r t a n c e ,  t h e r e  is  only l i m i t e d  i n f o r m a t i o n  i n  
t h e  l i t e r a t u r e  o n  the c h e m i y f l  s r c ures o f  s u l f u r  i n  t h e  o r g a n i c  
components  o f  c o a l .  A t t a r  # 2 p 5 , ' t 5  h a s  d e v e l o p e d  a n  i n t e r e s t i n g  
approach  t o  d e t e r m i n i n g  t h e  o r g a n i c  c h e m i c a l  s t r u c t u r e s  o f  s u l f u r  i n  
coals by t h e  programmed t e m p e r a t u r e  r e d u c t i o n  t o  H S .  D i s c r e t e  H s 
p e a k s  a r e  d e t e c t e d  a t  v a r i o u s  t e m p e r a t u r e s  which p3esumably  come gram 
d i f f e r e n t  s u l f u r  e n t i t i e s .  However, r e c o v e r y  of  t h e  s u l f u r  been  
l o w  and  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  is d i f f i c u l t .  LaCount)y*7 h a s  
d e v e l o p e d  a s i m i l a r  a p p r o a c h  b a s e d  o n  t h e  programmed t e m p e r a t u r e  
o x i d a t i o n  t o  S O 2 . ,  S O  
a s s i g m e n t  t o  particular s u l f u r  structures is  d i f f i c u l t  and  u n c e r t a i n .  

i n d e p e n d e n t  and  new i n s i g h t  i n t o  c o a l  s u l f u r  s t r u c t u r e s  t h a t  t h i s  
r e s e a r c h  w a s  u n d e r t a k e n ,  

P r e l i m i n a r y  E x p e r i m e n t s  

p e a k s  are o b t a i n e d  a t  s p e c i f i c  t e m p e r a t u r e s  b u t  

I t  w a s  t o  see w h e t h e r  f l a s h  p y r o l y s i s  would p r o v i d e  a n  

Pyroprobe  P y r o l y s i s  

To  i d e n t i f y  p y r o l y s i s  p r o d u c t s  which m i g h t  be e x p e  d from a 763 more c o n t r o l l e d  p y r o l y s i s  of h i g h  s u l f u r  c o a l s ,  a P y r o p r o b e  
programmed t e m p e r a t u r e  s o l i d s  p y r o l y z e r  was c o n n e c t e d  to a GC/MS 
s p e c t r o m e t e r  ( a  V a r i a n  3700 g a s  c h r o  a t o g r a p h  w i t h  DB-5 column 
P r o g r a m e d  f rom 6O-23O0C a t  6OC min-' c o u p l e d  t o  a Micromass  16 mass 
s p e c t r o m e t e r .  A p p r o x i m a t e l y  0.5 mg o f  coal was i n s e r t e d  i n t o  a 1 mm 
t h i n  walled q u a r t z  t u b e  a n d  h e l d  i n  p l a c e  w i t h  p l u g s  of  q u a r t z  wool. 
The t u b e  was i n s e r t e d  i n  t h e  p y r o p r o b e  and  t h e  t e m p e r a t u r e  programmed 
from 250 t o  1000°C a t  2 0 ° C / m i l l i s e c .  The r e s u l t i n g  mass p a t t e r n s  were 
r e s o l v e d  t o  i d e n t i f y  t h e  v o l a t i l e  s u l f u r  compounds.  T h e i r  y i e l d s  were 
d e t e r m i n e d  a s  a r e a  percent of  t o t a l  v o l a t i l e s  a r e a .  R e s u l t s  f o r  one  
h i g h  s u l f u r  c o a l  - P i t t s b u r g h  8-RsP - a s  t h e  raw coal and  as  c o a l  w i t h  
most of t h e  p y r i t e  removed a r e  shown i n  T a b l e  1. 
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It can be seen by examination of Table 1 that a number of 
I 
i 

i 
volatile or gaseous sulfur compounds are formed including H2S, COS, 
CSz, CH3SH, and SO . 
thiophene, thianapAthene, and dibenzothiophene and most of the 
possible methyl derivatives of these three heterocyclic compounds are 
observed. No doubt many higher molecular weight heterocyclic 
compounds are formed which do not reach the mass spectrometer 

In addition, many thiophenic compounds including 

detector. 

Removal of the mineral matter including the pyrite apparent 
reduces the so , cs2 and COS eormed. 
products from $he raw and low pyrite coals are qualitatively similar 

With those exceptions, the 

Solvent Extraction 

Y 

To determine whether the sulfur species in coal are 
extractable or chemically bound into the coal structure, batch 
extraction experiments were carried out with four different solvents 
representing a range of solubility parameters (9.5-11.75). The 

I extractions were run in 10 ml Hastalloy shaker tubes containing metal 
I mesh baskets on the top sections to contain the coal. With solvent in 

the bottom section, the extractions were run at 100°C for 4 hours with 
vertical shaking. The results are shown in Table 2. 

extracts, only a small fraction of the sulfur in the coal is solvent 
extractable. 

I 

I 

As can be seen in the table, based on sulfur contents of the 

Constant Temperature Flash Pyrolysis 

A number of coals were pyrolyzed in the continous flash 
pyrolysis equipment shown in Figure 1. A Sigma 38 Perkin Elmer gas 
chromatograph equipped with a 3-column system and flame photometric 
sulfur detector provided sensitive analyses Cor the volatile sulfur 
products of coal pyrolysis. 

The coal particles are entrained into the nitrogen stream in 
the feeder and carried over into the fluidized sand bed at the flash 
pyrolysis temperature. The coal pyrolyses in tire sand bed and the 
volatile products are carried out of the reactor through a cellulosic 
thimble filter and much of the light char formed is entrained in the 
exit gas and carried into the filter also. Depending on the coal 
type, some of the coal is converted to coke in a process, gotng 
through a fluid or soft stage which remains on the sand particles or 
adhering to the reactor walls. Many of the high sulfur coals of 

tends to make thc sand particles adhere to each other. This creates 
problems in running the pyrolysis experiment by defluidizing the sand 

makes long pyrolysis runs difficult or impossible, in most cases, 
conditions can be used to provide adequate run life to get valid and 
useful data. 

itself among the various pyrolysis products. N o t  surprisingly, this 
depends upon the rank and sulfur components of the coal as well as the 
pyrolysis conditions. Table 3 shows the distribution of pyrolysis 

1 particular interest in this study are so called "caking coals" which 

i 
I bed and plugging the inlet system to the reactor. While this often 

I It is of interest to know how the sulfur in coal distributes 

f 
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products and sulfur containing products (as Sulfur) of a typical high 
sulfur bituminous coal and a low Sulfur lignite at 85OoC. It will be 
noted that material recovery is good, despite the small amount of coal 
pyrolyzed. sulfur recovery from the caking bituminous coal, however, 
is not as good. The pyrolysis products Coat the reactor system and 
cannot be recovered €or sulfur analysis. Also much of the coke 
remains on the sand and relatively large amounts of sand have to be 
analyzed for low levels of sulfur with some loss in accuracy. 

the pyrolysis temperature) appears in the gaseous products as H2Sl 
CS2, COS, and SO . 
char, and coke, arobably as stable thiophenic sulfur which remains in 
the coal structure or is released as heterocyclic compounds in the 
tar. 

Twenty-five to 50% of the sulfur in the coal (depending on 

The remainder of.the sulfur appears in the tar, 

Preliminary Conclusions 

One can surmise from these preliminary results that the 
organic sulfur in coal is largely chemically bound in the 
macromolecular structure of the coal, in part as labile, probably 
pendent, sulfur-containing side chains, and partly as heteroatoms in 
clusters of aromatic rings (thiophenic). Decomposition of the pendent 
groups probably accounts for much or all of the gaseous sulfur 
compounds ( H 2 s !  COS, CS and CH S H ) .  
heterocyclic rings are gtable a2 the temperatures used, but are partly 
broken away from the coal structures by rupture of other weaker 
carbon-carbon bonds: attaching these rings in the coal. 

Continuous Flash Pyrolysis 

Pyrolysis of Coal 

The sulfur structures in the 

To use pyrolysis to study the sulfur constituents of coal, it 
is necessary to know what sulfur containing products are produced and 
also what components in the coal are breaking down to produce them. 
The literature provides some clues as to the origins of some of these 
products: 

When pyrite i9)pyrolyzed at temperatures of 55Ooc or higher, the 
initial breakdown products are sulfur and pyrrhotite (FeS). 

55OoC 
Fe S2 >-} Fe s + s 

When the pyrite is in coal, the sulfur produced can react with 
hydrogen containing.components of the coal (probably alkyl or 
hydroaromatic units) to form H2s 

S + (Coal H) H 2 s  + (Coal) ( 2 )  

Sulfur can also react with the coal mfa654y to form stable 

At temperatures over 8OO0C, a significant amount of the H2S Or 

non-volatile products in the coal or coke 

sulfur reacts with the coal to form carbon disulfide. 



Similar reactions are observed when H2s is reacted with methane, 

CH4 + H2S .-> CS2 + 4H2 ( 4 )  

and since methane is produced in coal pyrolysis, this reaction may be 
a major route by which cs2 is formed. 
temperature the larger the proportion of H2S is converted to CS2. 

formed. Since COS is formed by reaction of CO and elemental sulfur, 
and substantial amounts of CO are formed on coal pyrolysis, it is 
likely that some sulfur formed by pyrite pyrolysis reacts with CO to 
form cos. 

The higher the pyrolysis 

In most coal pyrolyses, a small amount of carbonyl sulfide is 

co + s -> cos ( 5 )  

It will be noted that when pyrite is low, the amount of COS 

COS is also produced by pyrolysis of organic sulfoxides. 

Some coals contain small amounts of sulfur as sulfates, although 

produced is also small. 

However, these appear to be low or absent in most coals. 

most of the sulfur in coal is in the reduced state. If these 
inorganic sulfates in coal are pyrolyzed in the presence of coal 
containing pyrite, SO2 is formed. While the stoichiometry of this 
reaction has not been adequately demonstrated, it appears that the 
following reaction or something similar to it is going on. 

CaSO4 + FeS2 + H20 j CaO + FeS + 2S02  + H2 (6) 

so is also formed in pyrolysis of organic sulfones. but these 

Pyroprobe pyrolysis of coal shows formation of small amounts of 

appear 80 be very low or absent in most coals. 

methyl mercaptan, and model compounds containing -SCH3 groups 
pyrolyzed at low temperatures (60OoC and lower) do form methyl 
mercaptan. However, little of this compound is observed in our 
continuous coal pyrolysis experiments. 

Pyrolysis of Model Sulfur Compounds 

To learn the behavior of the various types of organic sulfur 
structures in pyrolysis, a series of solutions of low molecular weight 
sulfur compounds was prepared in benzene at concentrations roughly 
approximating the organic sulfur content in high sulfur coals. Using 
a precise piston pump and vaporizer, these compounds were introduced 
into the pyrolyzer at rates roughly comparable to the rates used in 
pyrolyzing coal. Pyrolysis temperatures of 600, 700, 800, 850, 900 
and 95OoC were used. 
the various temperatures. Figure 2 shows conversion of some of these 
compounds at various temperatures. This shows that aliphatic and 
benzylic sulfides, mercaptans and disulfides split out HZS at rela- 
tively low temperatures ( 600-8OO0C). 
require 900°C to give high conversions to H2S and CS2. The three 
major thiophenic compounds, thiophene, thianaphthene, and dibenzo- 
thiophene show only a relatively low Conversion even at 950°C. 
provides a basis for differentiating between sulfur types in coal. 

Some 16 model sulfur compounds were pyrolyzed at 

Aromatic sulfides and mercaptans 

This 
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However, this assumes that the sulfur compounds in coal 
behave similarly to the model compounds investigated. There is no 
obvious way to show whether this is true or not. It was reasoned, 
however, that a polymeric sulfide would more nearly approximate the 
organic sulfur containing structures in coal. To test this, 
approximately 5% of Aldrich polyphenylene sulfide (10,000 mol wt) was 
added to anthracite and epoxy resin, cured, ground, sieved and fed to 
the pyrolyzer at 900, 910 and 92OoC. 
from this sample suggests that polymeric aromatic sulfides are perhaps 
slightly more stable than the corresponding monomeric sulfur compounds 
although not greatly different. 

In continously pyrOlyZing coal or model sulfur compounds it 
is important to establish a steady state condition with respect to all 
the pyrolysis products before meaningful results can be obtained. 
There appears to be a great difference between the various pyrolysis 
products in the rate at which this steady state is achieved. Cos and 
CS tend to level out quite rapidly after a steady coal feed rate is 
acdieved; HZS, on the other hand, is quite slow. 
to chemi or physisorption on the walls of the system. Since H2S is 
the largest single sulfur product of coal pyrolysis, it is extremely 
important that sufficient time be allowed to attain a steady state. 

Yields of pyrolysis products 

This is probably due 

Pyrolysis of a Typical High Sulfur Bituminous Coal 

A raw Pittsburgh 8 RhF coal was pyrolyzed at 600, 715, 850, 
900, 925, 950, 975 and 1000°C. The principal product was H S at all 
temperatures but over 850°C,  CS 
Small amounts of COS were also Pormed at all temperatures. Unlqke the 
pyrolysis in the pyroprobe and the pyrolysis of such model compounds 
as thiocresol at 6OO0C, no methylmercaptan was observed even at 60OOC. 

Figure 3 shows a plot oE combined sulfur yield as COS, HZS, 

is formed at the expense o$ H S. 

and cs2 vs. pyrolysis temperature. It also shows individual yields of 
H2S, and CS2 vs. pyrolysis temperature. oIt is to be noted that sulfur 
yield appears to level off at 775 to 900 C and then drops precipi- 
tously. 
that, the H2S starts to drop as CS2 is formed. 

Also, H2S is by far the major product up to 8OO0C but above 

vo 
It 

The drop above 9OO0C in the amount O E  total sulfur 
latilized raises a number of questions concerning what is occuring. 
does not appear to occur in the pyrolysis of the low molecular 

weight model compounds. To make sure the drop when coal is pyrolyzed 
was not associated with H2s absorption of basic components in the coal 
mineral matter, the same coal was boiled with dilute HCl, washed with 
distilled water and dried. Pyrolysis of that coal at 1000°C gave 
roughly equivalent results as the untreated raw coal. 

There is evidence in the literature that H s 

Energetically, for this reaction to occur at such high temperatures, 
the product must be very thermally stable. It also raises the 
question whether this reaction consuming H2S is affecting our results 
at 900°C. Table 4 shows the rate constants (ass'uming first order 
kinetics) for the high temperature reaction at various temperatures 
and Figure 4 is an Arrhenius plot of these data. The activation 
energy Of 56 kcal suggests that chemical bonds are being made or 
broken. The data also indicates that the H2S consuming reaction is 

can react with coal or coal char at high temperatures 2 Vi,iybfur 
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I 

very slow indeed at 90Ooc and not likely to ip$Trfere significantly 
with the 900°C pyrolysis measurements. has observed this H S 
absorption phenomenon and explains it as reaction of the H2S with coze 
or char to form thiophenic structures. 

Attar 

This is consistent with the known high stab: ity of the 
thiophenic structures and the fairly high activation energy we 
observe. 

Pyrite 

While pyrolysis appears to be a promising approach to 
determining the composition of the organic sulfur components in coal, 
the presence of iron pyrite in such large amounts as are present in 
high sulfur coals, presents a serious problem as mentioned previously. 
Pyrite, like organic sulfur compounds, when pyrolyzed in the presence 
of coal also produces H2S at temperatures around the decomposition 
temperature of pyrite (around 55OoC) and H S and Cs 
temperatures (over 850-9OO0C) An e€fort was therefdre made to remove 
the pyrite and other inorganic sulfur from the coal ground to 1p size, 
before the pyrolysis studies were carried out. However, even with 
combinations of both sink/float and the Otisca solvent agglomeration 
processes, about 10% of the original pyrite remained in the coal as 
indicated by iron analysis (atomic absorption). The reason for the 
diPficulty in pyrite removal became apparent when STEM Scanning 
Transmission Electron micrographs were made of the €ice particles 
after pyrite "removal". They showed pyrite particles in the range of 
0.1 to 0 . 6 ~  size inside the coal particles. These could not be 
removed from the coal unless it was ground much finer than l p .  

at higher 

It was decided, therefore, for pyrolysis studies to prepare 
each coal with several known different pyrite concentrations by 
partial pyrite removal. The pyrolysis results would then be extra- 
polated to zero pyrite concentration. 

containing various levels of pyrite was pyrolyzed in the pyrolyzer 
(Figure 1 ) .  The sum of the yields of COS, H2S, and cs at 600, 775, 
850 and 900°C are plotted against actual pyrite concenzration i n  
Figure 5. There is a fair amount of scatter in the data. This 
scatter is due in part to variations in gas rate and coal feed rate 
and in determining the pyrite concentration. However, a set of 
reasonably straight lines is defined which can be extrapolated to 0 
pyrite concentration. Some conclusions can be drawn from these data. 
1 )  There is little 8 r  no difference in the data obtained at 775OC and 
that obtained at 850 C, suggesting that all the aliphatic sulfur 
compounds are broken down by 775OC and either the aromatic sulfur 
specie are low in concentration or have not yet started to break down 
at 8508c. 2 )  There is only a relatively small difference between the 
9OO0C line and the 775OC and 85OoC line, supporting the idea that the 
aromatic sulfur compounds are very low in concentration. 3) The 
slope of the 6OO0C line is about 0 . 2 1  gram sulfur/gram of pyritic 

A series of five (5) samples of Pittsburgh 8 RSF coal 
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sulfur which is considerably under the theoretical value of 0 . 5  for 
the breakdown of pyrite to pyrrhotite. 4 )  In the 775-9OO0C 
temperature range, the slope increases to around 0.27-0 .30 .  
Apparently about 54 to 60% of the Sulfur liberated in the pyrlte 
pyrolysis reacts with the coal matrix at those temperatures to form 
H s. The rest forms COS or is tra ped in the coal or coke structure. 
55 
represents approximately 40% of the total organic sulfur in the coal 
as aliphatic sulfur. 
representing an additional approximately 1% as aromatic sulfur. 
Presumably, the remaining 59% of organic sulfur is thiophenic or 
stable sulfur compounds of some kind. 

coal was due to the basicity of some mineral matter. If the mineral 
matter of the coal contains a significant amount of basic material, it 
may absorb some of the sulfur containing acid gases (H S, SO2) 
produced in pyrolysis and thereby prevent them from enzering the 
analytical system. Acid treating of the coal, however, resulted in 
only slight increase in the H2s produced on pyrolysis of the 
bituminous coals tested. The acid washed lignite gave approximately 
20% higher sulfur volatile yield, however, than the untreated. 

The intercept of this 775-850 C line occurs at 0.82% sulfur which 

The 900°C intercept occurs at about 0.83% sulfur 

Another problem associated with the mineral matter of the 

Pyrolysis of 3 Additional High Sulfur Coals 

Three additional high sulfur coals were prepared at two or 
three pyrite concentrations each. These were pyrolyzed at two 
temperatures - 775OC and 900°C. 
most of the aliphatic and most of the aromatic sulfur compounds should 
be broken down, respectively. Little or none of the thiophenic 
compounds should be affected at those temperatures. 

The resu,lts of these pyrolyses are plotted in Figure 6. It 
will be noted that as was the case with Pittsburgh 8 RSF, the 77S0C 
and 900°C lines are very close together indicating very little (only 
1-4%) aromatic sulfur compounds present. However, ir. each case, a 
substantial portion ( 3 0 - 4 0 8 )  of the organic sulfur is aliphatic 
sulfur. The rest is assumed to be thiophenic. 

sulfur/gram of pyritic sulfur suggesting that this slope can be used 
in future determinations with other coals. 

They represent temperatures at which 

The slopes of the 900°C lines were approximately 0 . 2 7  gms of 

Organic Structures Containing Sulfur in Coals of Various Ranks 

Distribution of Sulfur Types 

Four additional coals of various ranks were pyrolyzed and the 
zero pyrite point estimated using the slope of . 2 7 .  An estimate of 
the distribution oE organic sulfur types in 8 different coals is shown 
in Table 5 .  This of course assumes that all sulfur compounds obtained 
on pyrolysis at 775-85OoC or lower is aliphatic mercaptan or sulfide, 
and that sulEur compounds obtained from 850-900°C are aromatic 
mercaptans or sulfides. Organic sulfur structures not pyrolyzing at 
900°C or lower are assumed to be primarily thiophenic. 
assumptions are challengeable as mentioned previously on rhe basis 
that sulfur in a macromolecular structure such as coal may behave 

These 
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differently than model compounds on pyrolysis and that substituents of 
various types in coal may activate or deactivate the sulfur structures 
so that they pyrolyze somewhat differently. Nevertheless, these 
results do suggest that the organic sulfur in coal is mainly aliphatic 
and thiophenic. Low rank coals appear to have higher proportions of 
aliphatic sulfur and as rank increases, the thiophenic proportions 
increase. 

Thioethers or Mercaptans? 

This pyrolysis method does not distinguish between mercaptans 
and thioethers. In an effort to determine whether the sulfur is 
mercaptan, thioether, or both, ap. independent analytical method was 
resorted to. This method, first tried by Russian workers, 
the reaction of methyliodide with mercaptans and thioethersff6, “P 7.On 

+ 
RSR’ t CH31 ------ RSR’I- ( 8 )  

RSH + CH31 ------ RSCH3 + HI ( 9 )  

If there is mercaptan present, some titratable acid should be 
formed. If there is thioether present, iodide should remain in the 
coal and could be determined quantitatively. The results of this test 
on three high sulfur coals are shown in Table 6. While this reaction 
does not appear to be highly reproducible or quantitative, it does 
indicate that a significant amount of the organic sulfur in coal is 
present as thioether and there is little if any sulfur present as free 
mercaptan. 

These experiments together with the pyrolysis runs, suggests 
that the sulfur in coal is present as aliphatic thioether side chains 
and as heteroatoms in the aromatic ring clusters. 

Estimate of Pyrolysis Rates 

The degradation rates of the model compounds studied were 
obviously quite high since almost complete conversion of the aliphatic 
sulfur compounds was obtained at 775OC and of the aromatic sulfur 
compounds at 900°C and the nominal hold-up time of about 0.5 seconds. 
With high sulfur coals, however, the coal melts and much oE it remains 
as coke on the sand particles. Do the sulfur groups in the coal 
pyrolyze as fast as the model compounds did or do they break down more 
slowly? This would provide a clue as to whether the sulfur compounds 
in coal do behave like their low molecular weight models. 

pyrolyzed at 900°C and 775OC by feeding the coal to the pyrolyzer at 
those temperatures until a steady state rate of H S, CS2 and COS 
evolution was observed as had been seen previouslj. 
was then stopped suddenly and the evolution of H S, CS2 and COS 
evolved determined at one minute intervals. 
evolution of these compounds dropped abruptly with little or nothing 
observed even at the first minute. 

To try to answer this question, Pittsburgh 8 RLF coal was 

The coal input 

In 30th experiments, the 
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A s i m i l a r  t es t  r u n  a t  700°C when t h e  a l i p h a t i c  s u l f u r  
breakdown s h o u l d  b e  slower, showed r o u g h l y  a t h i r d  o f  t h e  s t e a d y  s t a t e  
H 2 s  coming o f €  a € t e r  o n e  m i n u t e  and Small amoun t s  of CS The 
s a m p l e  t a k e n  a t  two m i n u t e s  show none of t h e s e  compound$. 

compounds i n  c o a l  b r e a k  down a t  r a t e s  s i m i l a r  t o  t h o s e  o f  t h e  model  
compounds. 
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Table ? 

I 

PYROPROBE GCIMS ANALYSIS O f  
PITTSBURGH 8-R & F HIGH SULFUR COAL 

(% of Total Area) 

H2S 

so2 
cs2 

cos 
CH3SH 

Thiophene 
Methylthiophene-1 
Methylthiophene- 2 
Dimethylthiophene-1 
Dimethylthiophene-2 
Dimethylthiophene3 
Dimethylthiophene- 4 
Trimethylthiophene-1 
Trimethylthiophene- 2 
Tetramethylthiophene 
Benzothiophene 

- Raw 90% of Pyrite Removed 
3.03 
0.48 
0.32 
2.13 
0.27 
0.25 
0.34 
0.23 
0.49 
0.47 
0.38 
0.07 
0.19 
0.22 
I ow 
0.29 

Methyl benzothiophene-1 0.06 
Methylbenzothiophene- 2 0.13 
Methylbenzothiophene- 3 0.20 
Methyl benzothiophene- 4 0.15 
Methylbenzothiophene- 5 0.17 
Methylbenzothiophene- 6 ? 
Dimethylbenzothiophene-1 0.1 1 
Dimethylbenzothiophene- 2 0.06 
Dimethyl benzoth iophene- 3 0.12 
Dimethyl benzoth iophene- 4 0.07 
Dimethylbenzothiophene- 5 0.05 
Dimethylbenzothiophene- 6 0.07 
Dimethylbenzothiophene- 7 0.05 
Dimethylbenzothiophene- 8 0.05 
Dimethylbenzothiophene- 9 0.03 
Di benzothiophene 0.08 

'Number does not denote chemical structure but an 
arbitrarily assigned isomer number. 

4.83 
0.31 
0.34 
0.02 
0.06 
0.22 
0.23 
0.10 
0.46 
0.38 
0.24 
0.05 
0.10 
0.16 
0.04 
0.24 
0.04 
0.15 
0.19 
0.14 
0.12 
0.02 
0.1 1 
0.05 
0.14 
0.10 
0.04 
0.08 
0.04 
0.03 
0.02 
+ 
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Table 2 

SOLVENT EXTRACTION OF COALS 

Pittsburgh 8-R 81 F 200 mesh (4.65% S) 
10O0C/4 h n  wlshaking 

%S in Extract % of S Extracted 

Acetonitrile 0.10 4.7 

Pyridine 0.09 4.3 

Ethylenediamine 0.07 3.3 

Tetrahydrofuran 0.33 14.2 

Table 3 

COAL PYROLYSIS PROOUCTS 
MATERIAL AND SULFUR BALANCES 

850' C 
Pittsburgh 8 R & F 

Wt% Sulfur Wt % Sulfur 

Gas 21.8 49.5 36.3 48.4 
Tar 11.9 7.3 5.5 8.8 
Char 6.4 1.7 31.1 31.4 

Alcoa Texas Lignite 
% of the %of  the -- - -  

On Sand 81 Reactor 43 .O 24.5 29.1 1.3 
Trap Head 6.5 ? .o 1 

TOTAL 
- -  
89.6 81.1 

-- 
101.7 90.0 
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Table 4 

Alcoa Texas 
Lignite 
(Wilcox) 

Emery (Utah) 

Pi t t s  bu rg h 
8-Shoemaker 

Pittsburgh 

Pittsburgh 
8-McElroy 

Ohio 9-Egypt 
Valley 

Illinois 6- 
Burning Star 

Anthracite - 
Lehigh Valley 

8-R  & F 

RATE CONSTANTS FOR 
HIGH TEMPERATURE ABSORPTION OF HzS 

(Assumes First Order Kinetics) 

Temperature O C  

900 
925 
950 
975 

1000 

Rate Constant (Sec-') 

ca 0 

.167 

.497 

.801 
1.233 

Table 5 

ORGANIC SULFUR SPECIES IN COALS STUDIED 

% of Organic Sulfur 

Total 
Sulfur 
wt % 

1.30 

1.19 

4.00 

4.85 

5.47 

2.49 

3.24 

0.90 

Organic Aliphatic 
Sulfur Sulfides & 
w t %  Mercaptans 

.73 82 

0.57 61 
1.36 53 

1.63 49 

1.58 49 

1.46 44 

2.04 39 

0.6 0 

More 
Internally 

Aromatic Stable Types 
Sulfides & (Thiophenic) 
Mercaptans (By Diff.) BTU 

<1 18 10,555 

1-2 39 12,710 
<1 46 12,991 

1-2 49 12,156 

<2 49 13,098 

<1 55 13,175 

2 59 12,165 

0 100 14,245 
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Table 6 

THIOETHER AND MERCAPTAN GROUPS 
IN HIGH SULFUR COALS 

(By Reaction with CH3I) 

Pittsburgh 8-R 81 F 

Pittsburgh 8-Shoemaker 

Illinois 6-Burning Star 

% Organic Sulfur % of Organic Sulfur 
As RSR' As RSH -- 

1.63 33.0 4.3 

1.40 30.4 2.5 

2.04 22.4 4.9 

Pigurc 1 

Sized 
Cool 

Fluidizing . 
N2 

Cold Trol 
Fluidizing N2 

Fluidized Bed Pyrotyzer 

4 To GC Anolysis 
6 We1 Terl 
Meler 

4 6 2  
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Figure 6 
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THE EFFECTS OF PYROLYSIS COWDITIONS AND COAL TYPE 
ON THE NATURE OF WATER-SOLUBLE ORGANIC EFFLUENTS 

Scot t  F. Ross and Gwen M. Schelkoph 

U n i v e r s i t y  o f  Nor th Dakota Energy Research Center 
Box 8213, U n i v e r s i t y  S ta t i on  

Grand Forks, Nor th Dakota 58202 

Abs t rac t  

The e f f e c t s  o f  p y r o l y s i s  condi t ions arid coal type on the nature o f  water-soluble 
organic e f f l u e n t s  have been inves t i ga ted  using a small p y r o l y s i s  reac to r  w i t h  a helium 
atmosphere a t  ambient pressure and a sample s i ze  o f  f i v e  grams. The reac to r  i s  capable 
o f  a maximun heat ing r a t e  o f  45'C/min and a maximun furnace temperature o f  l l O O ° C .  
Var iab les examined inc lude:  1) p a r t i c l e  size, 2) maximum temperature, 3)  t ime  a t  
temperature, and 4) hea t ing  rate. Six coals  of various rank were invest igated.  I n  
add i t i on ,  t h r e e  l i t h o t y p e s  o f  t h e  same coal  were examined. 

I n t r o d u c t i o n  

The treatment and removal of water-so lub le organic e f f l u e n t s  from wastewater i s  an 
important issue fac ing  coal g a s i f i c a t i o n  technology. The extent  o f  treatment i s  
governed by t h e  reuse o r  environmental ly acceptable d isposal  o f  t h e  wastewater. 
Downstream e f f l uen t  treatment i s  a lso dependent on the nature and q u a n t i t y  o f  t a r s  and 
water-soluble organics which are produced by p y r o l y s i s  and d e v o l a t i l i z a t i o n  reactions 
i n  the upper p o r t i o n  o f  t h e  g a s i f i e r .  It i s  des i rab le  t o  develop a l abo ra to ry  t e s t  t o  
s imulate t h e  product ion o f  water-soluble organic e f f l u e n t s  from a g a s i f i e r ,  thereby 
e l i m i n a t i n g  expensive p i l o t  p lan t  tests .  Such a t e s t  would a l l ow  f o r  t he  p r e d i c t i o n  o f  
waste composit ion fran s p e c i f i c  coals  a t  a v a r i e t y  o f  operat ing condit ions. 

Experimental 

A l abo ra to ry  sca le  t u b u l a r  reac to r  was const ructed which a l lows f o r  t he  py ro l ys i s  
of up t o  f i v e  grams o f  coal i n  an i n e r t  atmosphere. A Lindbergh s p l i t - t y p e  furnace 
w i t h  a maximum temperature o f  1100°C and programmable heat ing r a t e  o f  5OC/min. t o  
45"C/min. has been used for  heating. A l i q u i d  n i t rogen  cooled t r a p  i s  used f o r  the 
c o l l e c t i o n  of water-so lub le organic  e f f l uen ts .  A f t e r  completion o f  the experiment the 
t r a p  i s  allowed t o  warm t o  above 0°C and t h e  water-soluble organics analyzed by gas 
chranatography (1). The s i x  coa ls  used i n  t h i s  study w i t h  t h e i r  proximate and u l t ima te  
analyses are l i s t e d  i n  Table I. 
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'. 
i Table I. Coal Sample Bank Analysis f o r  S i x  Coals. 

I nd ian  Head 
/ 

Proximate Analysis, 
I- as rec'd; % by wt. 

Gascoyne 
81 ue Rosebud 

I1  1 i n o i s  
Center Sufco Sean No.6 -- 

Moisture 
Vol a t  i 1 e matfer 
Fixed carbon 
Ash 

U1 t imate Analys is  
maf; Z by wt. 

Hydrogen 
Carbon 
Ni t rogen 
Sul f up* 
Oxygen 

Rank 

34.0 
27.4 
33.8 
4.8 

4.18 
72.03 

1.05 
0.62 

22.13 

Lig. 

32.2 25.0 
34.2 28.6 
17.6 39.2 
6.0 7.1 

5.69 5.11 
59.77 76-27 .. . -  

0.92 1.28 
1.49 0.93 

32.12 16.37 

34.7 9.6 2.9 
28.1 33.9 37.3 
31.7 48.0 48.6 
5.5 8.5 11.2 

4.51 5.25 5.54 
69.97 79.20 77.19 

1.24 1.43 1.61 
1.27 0.51 4.59 

23.01 13.61 11.08 

L ig .  Subbit. Lig. B i t .  B i t .  

*By di f ference.  

Results and Discussion 

Effect of  Coal Type on the Nature of  Water-Soluble Organic Effluents 

To develop a c o r r e l a t i o n  between water-soluble organic e f f l u e n t  y i e l d s  and coal 
type, s i x  d i f f e r e n t  coa ls  were pyrolyzed i n  t h e  m a l l  p y r o l y s i s  reac to r  (SPR) under 
i d e n t i c a l  condi t ions.  The p y r o l y s i s  cond i t i ons  used were a heat ing r a t e  o f  45"C/min., 
a maximum temperature o f  850°C, h e l i u n  atmosphere, -60 mesh p a r t i c l e  size, and a sample 
s i z e  o f  approximately 5 grams. The data (Table 11) i n d i c a t e  water-soluble organic 
e f f l u e n t  y i e l d s  t o  be dependent on coal type, w i t h  a l l  products showing s i g n i f i c a n t  
va r ia t i on .  
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Table 11. Y ie lds o f  Water-Soluble Organic E f f l uen ts  f o r  a Var ie ty  o f  Coal Types.* 

Gascoyne 
Compound I n d i a n  Head B1 ue Rosebud 

Methanol 1490 730 40 
Acetone 1420 1600 930 
A c e t o n i t r i l e  230 220 180 
2-Butanone 400 510 320 

Phenol 2300 2900 3000 
o-Cresol 5 10 590 850 
p-Cresol 760 1080 1290 
m- Cre sol 710 910 1290 

P r o p i o n i t r i  l e  130 230 90 

Center 

1700 
1480 
280 
440 
370 

3440 
780 

1360 
1400 

I1  1 i n o i s  
Sufco Seam No. 6 - 

10 40 
750 500 
100 140 
250 120 
50 40 

920 1720 
390 740 
400 950 
510 1190 

*Yie lds are repor ted i n  micrograms/g maf coal. 

E f f e c t  o f  L i t h o t y p e  Composition on the  Y ie lds  o f  Uater-Soluble Organic E f f l u e n t s  

Several small p y r o l y s i s  r e a c t o r  runs were performed using durain, fusa in,  and 
v i t r a i n  l i t h o t y p e s  from Beulah high-sodium (ND) l i g n i t e .  The p y r o l y s i s  condi t ions used 
were: a heat ing r a t e  o f  45"C/min., f i n a l  temperature o f  85OoC, h e l i u n  atmosphere and a 
sample s ize o f  approximately f i v e  grams. The data (Table 111) reveal  l i t h o t y p e -  
s p e c i f i c  v a r i a t i o n  f o r  most compounds, w i t h  the  greatest  va r ia t i ons  i n  y i e l d s  being f o r  
methanol, acetone, phenol, c reso ls ,  and catechol. The v i t r a i n  l i t h o t y p e  produced 
near l y  th ree  t imes the  amount o f  t o t a l  p y r o l y s i s  products as t h e  du ra in  l i t h o t y p e ,  
suggesting t h a t  p e t r o l o g i c  ana lys i s  o f  coal samples might be usefu l  i n  p r e d i c t i n g  
wastewater composition. These r e s u l t s  a l so  suggest t h a t  pe t ro log i c  va r ia t i ons  w i th in  a 
seam might produce s i g n i f i c a n t  v a r i a t i o n s  i n  wastewater composit ion as coal mined frm 
d i f f e r e n t  pa r t s  o f  t h e  same seam i s  gas i f i ed .  

Table 111. Yields o f  Water-Soluble Organic E f f l uen ts  f o r  Three Lithotypes.* 

Compound V i t r a i n  Durain Fusai n 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  t r i l e  
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol 

2680 
1910 
280 
480 
110 

2680 
590 
720 
680 

6940 

580 
1340 

3 10 
380 
160 

1690 
340 
460 
4 20 
990 

7 30 
1390 

27 0 
38 0 
370 

3040 
780 
850 
880 

1010 

*Yie lds are repor ted i n  micrograms/g maf coal. 
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Cor re la t i on  o f  Y ie lds  o f  Water-Soluble Organic E f f l u e n t s  t o  Coal ParaneterZ 

I t  i s  the  u l t ima te  goal o f  t h i s  p r o j e c t  t o  develop a ser ies o f  equations which w i l l  
p r e d i c t  wastewater composit ion fran a g a s i f i e r  based, i n  pa r t ,  on c e r t a i n  coal 
parameters e a s i l y  determined i n  the  laboratory .  Relat ionships have been found which 
c o r r e l a t e  the  y i e l d s  o f  t h ree  p y r o l y s i s  products, methanol, 2-butanone and acetone, t o  
coa l - spec i f i c  data which i s  r e a d i l y  avai lab le.  

Methoxy content determinations (2) have been made f o r  eleven d i f f e r e n t  samples 
t e s t e d  i n  the  small p y r o l y s i s  reactor. These samples i nc lude  whole coa ls  as wel l  as 
i n d i v i d u a l  1 i thotypes. The methoxy contents  o f  t he  1 i thotypes were p l o t t e d  versus the 
y i e l d  o f  methanol generated dur ing p y r o l y s i s  t o  850OC. A l i n e a r  l e a s t  squares f i t  of 
t h e  data resu l ted  i n  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.95. 

The y i e l d s  o f  2-butanone and acetone were p l o t t e d  versus carbonloxygen r a t i o s  f o r  
s i x  coals  pyrolyzed i n  t h e  m a l 1  p y r o l y s i s  reactor .  A l i n e a r  l e a s t  squares f i t  o f  t he  
data gave a very good f i t  f o r  both compounds (F igu re  1 and F igure 2). 2-Butanone and 
acetone both had c o r r e l a t i o n  c o e f f i c i e n t s  o f  0.99. 

Future work w i l l  focus on t h e  i d e n t i f i c a t i o n  o f  f u r t h e r  r e l a t i o n s h i p s  which w i l l  
attempt t o  c o r r e l a t e  p y r o l y s i s  y i e l d s  o f  t he  remaining s i x  compounds wi th o the r  coal 
parameters. 

E f f e c t  o f  Py ro l ys i s  Condi t ions on t h e  Nature o f  Water-Soluble Organic E f f l u e n t s  

E f f e c t  o f  P a r t i c l e  Size. I n  order t o  determine t h e  e f f e c t  o f  p a r t i c l e  s i z e  on t h e  
y i e l d  o f  water-soluble organic e f f l uen ts ,  t h e  p y r o l y s i s  products f r a n  -60 mesh coal 
were compared t o  the  products from 1/2 i nch  p a r t i c l e s  f o r  Rosebud (MT) coal. The 
p y r o l y s i s  condi t ions were a heat ing r a t e  o f  45'C/min., f i n a l  temperature 850'C. and a 
he l ium atmosphere. The e f f e c t  o f  p a r t i c l e  s i z e  was neg l i g ib le ;  t h e  y i e l d  o f  water- 
so lub le  organic e f f l u e n t s  was independent o f  the s i z e  o f  t he  coal p a r t i c l e  which 
generated those e f f l u e n t s  (Table I V ) .  However, it i s  advantageous t o  use r i f f l e d  -60 
mesh coal p a r t i c l e s  i n  most experiments i n  order  t o  avoid inhomogeneity i n  the  coal 
sample, which would r e s u l t  i n  anomalous e f f l u e n t  y ie lds .  

Table I V .  E f fec t  o f  Coal P a r t i c l e  Size on t h e  Nature o f  Water-Soluble Organic 
Ef f luent . *  

Rosebud 
Compound -60 mesh 1/2 i n c h  
Met ha no1 40 30 
Acetone 930 890 
A c e t o n i t r i l e  180 160 
2-Butanone 320 320 
Propion i  t r i l  e 90 30 
Phenol 3000 2810 
o-Cresol 850 850 
o-Cresol 1290 1220 
m-Cresol 1290 1230 

*Reported as micrograms/g maf coal. 
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E f f e c t  o f  Maximum Temperature. To determine t h e  e f f e c t  o f  maximum temperature on 
the  y i e l d  of water s o l u b l e  organic  e f f l uen ts ,  I nd ian  Head (ND) l i g n i t e  was pyrolyzed a t  
two f i n a l  tenperatures: The p y r o l y s i s  cond i t i ons  used were a heating 
r a t e  o f  45"C/min., -60 mesh p a r t i c l e  size, and a sample s i z e  o f  approximately 5 
grams. A canparison o f  t he  y i e l d  data (Table V )  f o r  these two runs revealed the  y i e l d s  
of methanol, acetone, a c e t o n i t r i l e ,  2-butanone and p r o p i o n i t r i l e  t o  be s im i la r .  
However, t h e  increased y i e l d s  o f  phenol and c reso ls  a t  l l O O ° C  suggest t h a t  t h e  
e v o l u t i o n  o f  water-so lub le organics i s  not  complete a t  850°C. Model s tud ies i n d i c a t e  
t h a t  phenol and c reso ls  generated a t  t h e  lower  temperatures evolve from a l k y l - a r y l  
e ther  precursors (2). The increase i n  phenol and cresol  y i e l d s  a t  1100°C may r e s u l t ,  
i n  par t ,  f r a n  t h e  cleavage o f  d iary1 ethers w i t h  t h e i r  r e l a t i v e l y  h ighe r  carbon-oxygen 
bond energies. 

850" and 1100°C. 

Table V. E f f e c t  o f  Maximum Temperature on t h e  Nature o f  Water-Soluble Organic 
E f f l uen ts .  

Micrograms/g maf coal 
Compound 850°C l l00"C 

Met h a no 1 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  t r i l  e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 

1490 
1420 
230 
400 
130 

2300 
510 
760 
710 

1460 
1490 

240 
400 

90 
3220 

740 
1120 
1270 

Ef fect  o f  Time a t  Temperature. I nd ian  Head (ND) and Rosebud (MT) coals  were 
subjected t o  zero and 30 minute isothermal per iods a t  maximun temperatures o f  380°C and 
85OOC t o  determine t h e  e f f e c t  o f  t ime a t  temperature ( " res idence t ime")  on py ro l ys i s  
y i e l d s  for water-so lub le organics. The p y r o l y s i s  cond i t i ons  were a heat ing r a t e  o f  
45'C/min., a hel ium atmosphere, and a sample s i ze  o f  approximately 5 grams. The e f f e c t  
of residence t ime  on t h e  y i e l d s  o f  water-soluble organics (Table V I )  was substant ia l  a t  
380°C. With no isothermal period, t h e  y i e l d  o f  products was below t h e  gas 
chromatograph's th resho ld  f o r  accurate q u a n t i f i c a t i o n .  A t  t h e  h ighe r  temperature t h e  
ef fect  of residence t ime  was q u i t e  small and i n  t h e  case o f  t he  I n d i a n  Head l i g n i t e  
nonexistent. 

i 
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Table V I .  Effect o f  Time a t  Temperature on t h e  Nature o f  Water-Soluble Organic 
Eff luents.* 

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
P r o p i o n i t r i l  e 
Phenol 
o-Cresol 
p-Cresol 
in-Cresol 
Catechol 

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
Propion i  tril e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 
Catechol 

Maximum Temperature 380Y 
Ind ian  Head Rosebud 

0 min. 30 min. 0 min. 30 min. 

** 
** 
** 
** 
** 
** 
** 
** 
** 
** 

900 
480 

30 
140 

1370 
350 
550 
4 50 

1480 

** 

** 
** 
** 
** 
** 
** 
** 
** 
** 

--- 

20 
300 

10 
130 

10 
540 
120 
230 
170 -_-  

Maximum Temperature 85OOC 
I n d i a n  Head Rosebud 

0 min. 30 min. 0 min. 3 0  min. 

1490 
1420 

230 
400 
130 

2300 
510 
760 
710 

2210 

1740 
1460 

240 
370 
270 

2360 
530 
820 
820 

2120 

40 
930 
180 
320 

90 
3000 

850 
1290 
1290 __- 

30 
840 
170 
28 0 

20 
2690 
800 

1080 
1140 --- 

*Reported i n  micrograms/g maf coal. 
**Bel ow instrument threshold f o r  accurate quan t i f i ca t i on .  

---Not determined. 

E f f e c t  o f  Heating Rate. To determine t h e  e f f e c t  o f  heat ing r a t e  on the  y i e l d  o f  
water-soluble organic  e f f l u e n t s ,  p y r o l y s i s  o f  Center Mine (ND) l i g n i t e  was c a r r i e d  out  
a t  38OOC and 850°C using heat ra tes  of 5'C/min. and 45OC/min. Both the 38OOC data and 
t h e  85OoC data (Table V I I )  reveal  a h igher  y i e l d  f o r  phenol and cresols  a t  t h e  slower 
heat ing ra te .  This  cou ld  be due t o  the r e l a t i v e  l e n g t h  of t h e  experiments; t h e  f a s t  
heat ing r a t e  experiment takes approximately 20 minutes, whereas the  slow heat ing r a t e  
experiment takes 170 minutes. It i s  poss ib le  t h a t  t h e  e f f e c t  t h a t  i s  being observed i s  
n o t  so much heating r a t e  as i t  i s  t ime a t  temperature ("residence time"). 

c 
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Table V I I .  E f f e c t  o f  Heating Rate on t h e  Nature o f  Water-Soluble Organic Ef f luents .*  

Compound 

Methanol 
Acetone 
A c e t o n i t r i l e  
2-Butanone 
P r o p i o n i t r i  1 e 
Phenol 
o-Cresol 
p-Cresol 
m-Cresol 

380 Maximum Temp. 
5=C/mi n. 45"C/min. 

570 
110 

20 

460 
50 

180 
80 

** 
** 

270 
40 

10 

100 
10 
40 
10 

** 
** 

850 Maximum Temp. 
5"C/mi n. 45"C/min. 

1590 
1190 

300 
310 

30 
4380 
1300 
1740 
1920 

*Results are repo r ted  i n  micrograms/g maf coal. 
**Below instrument th resho ld  f o r  accurate q u a n t i f i c a t i o n .  

1700 
1490 

280 
440 
380 

3460 
7 80 

1360 
1400 

Conclusion 

A l abo ra to ry  sca le  t u b u l a r  r e a c t o r  t e s t  i s  ab le t o  d i f f e r e n t i a t e  between t h e  
r e l a t i v e  y i e l d s  o f  several water-soluble organic  e f f l u e n t s  produced dur ing p y r o l y s i s  
f o r  a v a r i e t y  o f  coals  under d i f f e r i n g  p y r o l y s i s  condit ions. Corre la t ions between 
p y r o l y s i s  y i e l d s  and c e r t a i n  coal parameters f o r  t h r e e  o f  t he  compounds examined have 
been developed which a l l ow  f o r  t h e  p r e d i c t i o n  o f  py ro l ys i s  y i e l d s  f o r  these canpounds 
f o r  as yet  untested coals. 

Acknwl e d w n t  

8 3FE60 18 1. 
This work was supported by t h e  U.S. Department o f  Energy, Contract No. DE-FC21- 

L i t e r a t u r e  C i t e d  

1. Olson, E.S. and J.W. Diehl ,  186th ACS National Meetins, Washington, D.C., Abstracts 
of Papers, Any1 63, (1983). 

2. Olson, E.S. and J.W. Diehl ,  Q u a r t e r l y  Technical Progress Report f o r  the Per iod 

3. Siskin, Michael and Thomas Aczel, Fuel, 62, 1321 (1983). 

October-December 1984. U n i v e r s i t y  o f  North Dakota Energy Research Center, i n  p r i n t .  

472 



Figure 1. 

500 

400 

300 

200 

100- 

0- 

- 

- 

- 

- 

I I I I I 1 I 
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I n t r o d u c t i o n  

compounds. Supported f e r r i c  c h l o r i d e  (11, macrore t icu lar  ion exchanqe r e s i n s  (2-41, b a s i c  
and neut ra l  alumina ( 5 ) ,  and a c i d  modified s i l i c a  (6)  can s e l e c t i v e l y  remove n i t roqenous  
compounds from petroleum f r a c t i o n s .  These s e p a r a t i o n  methods however were des iqned  f o r  
small  s c a l e  a n a l y t i c a l  s e p a r a t i o n .  Recently t h e r e  has  been some i n t e r e s t  i n  l a r q e  s c a l e  
s e p a r a t i o n  of  ni t roqenous  m a t e r i a l  (7-9). This i n t e r e s t  stems from t h e  p o s s i b i l i t y  of 
Usinq an a d s o r p t i o n  (or s o r p t i o n )  p r o c e s s  a s  a s u b s t i t u t e  f o r  t h e  expensive h y d r o t r e a t i n q  
process .  

usinq z e o l i t e s .  The s e l e c t i v i t y  was determined f o r  s e v e r a l  z e o l i t e s  us ing  a model 
Compound s o l u t i o n .  
z e o l i t e  was r a t i o n  exchanqed i n  o r d e r  t o  modify t h e  s e l e c t i v i t y .  

Experiment a1 

compound i n  reaqent q r a d e  t o l u e n e .  
Table 1 .  

s o l u t i o n .  The c h l o r i d e  s a l t  of t h e  c a t i o n  t o  exrhanqe was used. The z e o l i t e  was then  
f i l t e r e d ,  washed, and d r i e d  a t  ll0'C f o r  12 h. 
p resence  of a i r  f o r  1 2  h. 

A typ ica l  experiment involved  pumping t h e  feed cont inuous ly  a t  0.5 mL/min i n t o  a 30 
cm lonq and f l .4 cm I.D. s t a i n l e s s  s t e e l  column packed wi th  t h e  sorbent .  Samples o f  t h e  
e f f l u e n t  were c o l l e c t e d  every  5 m L  and subsequent ly  analyzed us ing  a Varian 6000 g a s  
chromatoqraph equipped wi th  a 30 m lona DE-5 c a p i l l a r y  column. For whole naphthas t h e  
e f f l u e n t  samples were ana lysed  f o r  t o t a l  n i t r o q e n  by chemiluminescence u s i n g  a Dohrman 
t o t a l  n i t roqen  ana lyzer .  A1 1 experiments were performed a t  room tempera ture .  Three q r m s  
of z e o l i t e  was used f o r  each run. Table 2 q i v e  t h e  p r o p e r t i e s  of t h e  naphthas used i n  
t h i s  study. 

R e s u l t s  and d i s c u s s i o n  

shown i n  F a .  1. These r e s u l t s  c l e a r l y  show t h a t  t h e  deqree of s o r p t i o n  depends on  t h e  
n a t u r e  of t h e  compound. 
t h e  e f f l u e n t  a f t e r  20 mL whereas compounds s u r h  a s  benzylamine a r e  s t i l l  completely 
removed a f t e r  150 mL.  There is an i n v e r s e  r o r r e l a t i o n  between t h e  amount sorbed  and t h e  
molecular s i z e  o f  a compound; t h e  amount of th ree-  and four - r inq  compounds sorbed is 
s e n e r a l l y  lower than  t h a t  of two- and one-rinq compounds. 
and molecular s i z e  i s  well documented (10-11): z e o l i t e s  a r e  known a s  shape s e l e c t i v e  
s o r b e n t s  because of t h e i r  uniform pore  s i z e .  
s o l u t i o n  1. 

Various s o r b e n t s  have been used i n  t h e  past  f o r  t h e  s e l e c t i v e  removal o f  n i t roqenous  

This paper d e s c r i b e s  t h e  s e l e c t i v e  removal o f  n i t roqenous  compounds from naphthas 

The s e l e c t i v i t y  s t r o n g l y  depends on t h e  n a t u r e  of t h e  compound. The 

The model compound s o l u t i o n  was prepared by d i s s o l v i n q  t h e  a p p r o p r i a t e  amount of 
The composition of t h e  two s o l u t i o n s  a r e  qiven i n  

The z e o l i t e s  ob ta ined  from BDH Chemicals were shaken over niqht i n  a 1M aqueous 

The z e o l i t e  was a c t i v a t e d  a t  52OoC i n  t h e  

The s o r p t i o n  r e s u l t s  f o r  model s o l u t i o n  1 by z e o l i t e  13 X i n  t h e  sodium form a r e  

Compounds such a s  benzacr id ine  and tet  rahydrocarbazole appear i n  

The r e l a t i o n  between s e p a r a t i o n  

Smaller pore  size z e o l i t e s  were t e s t e d  usinq 
The e f f i c i e n c y  of s e p a r a t i o n  was propor t iona l  t o  pore s i z e .  
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The previous r e s u l t s  i n d i c a t e  the  d i f f i c u l t y  o f  removinq a l l  n i t roqenous compounds 
i n d i s c r i m i n a t e l y .  The separat ion i s  d i f f u s i o n - c o n t r o l l e d  and l a r q e r  molecules are  not 
removed t o  any qreat ex ten t .  The model compound study suqqests t h a t  z e o l i t e s  would be 
most e f f e c t i v e  fo r  the  treatment o f  naphthas which conta in  small n i t rogenous compounds. 
An experiment was t h e r e f o r e  c a r r i e d  out us inq  z e o l i t e  13X and two naphthas (Fiq. 2 ) .  
Using the area over the  breakthrouqh curve the s o r p t i o n  c a p a c i t i e s  were ca lcu la ted .  
capac i t ies  were: 
(4.3 mg N/q z e o l i t e )  fo r  t h e  hydroprocessed naphtha whirh i s  s i q n i f i c a n t l y  lower than t h e  
298 mq (100 mq N/q z e o l i t e )  obtained f o r  t h e  model compound s o l u t i o n  1 and the 332 mq 
obtained fo r  model compound s o l u t i o n  2. S o l u t i o n  2 i s  more representa t ive  of a naphtha 
s ince  i t  contains smal le r  n i t roqenous compounds than s o l u t l o n  1.  80th  s o l u t i o n s  q ive  a 
capaci ty o f  10% by weight o f  z e o l i t e .  

phase s o r p t i o n  o f  hydrocarbons and ni t roqenous bases. Ereck and Flanagen ob ta ined a 
capaci ty of 0.227 q o f  t r i b u t y l a m i n e  per qram of z e o l i t e  X a t  room temperature (12). 
l i q u i d  phase experiment C8F180 was separated from (C4F9)3 N by s o r p t i o n  on a z e o l i t e  13X; 
t h e  CBF180 l oad inq  a t  breakthrough was 0.3 q/q of z e o l i t e  (13) .  The capac i ty  ob ta ined i n  
t h i s  study demonstrates the  p o s s i b i l i t y  o f  us ing  z e o l i t e s  fo r  l a r q e  scale separat ion.  
lower capac i ty  obtained f o r  naphthas suqqests the compet i t i ve  s o r p t i o n  of non-nitroqenous 
compounds: t h e  sorbent may no t  be t o t a l l y  s e l e c t i v e  for  n i t roqenous compounds and 
subs tan t ia l  q u a n t i t i e s  o f  o l e f i n s  or aromatics may be sorbed. No d i r e c t  evidence for t h i s  
i s  presented i n  t h i s  study. These aspects are p r e s e n t l y  under study. The aim i s  t o  
improve the  s e l e c t i v i t y  f o r  n i t rooenous compounds, s p e c i f i c a l l y  f o r  m u l t i - r i n q  compounds. 

i n t e r a c t  i o n  enerqies surh as dispersion, repu ls ion ,  p o l a r i z a t i o n ,  and dipole/quadrupole 
in te rac t ions .  For a q iven feed the  s e l e c t i v i t y  i s  a func t ion  of the  na ture  o f  the  r a t i o n  
i n  the z e o l i t e ,  the  surface a c i d i t y  and the sorbent pretreatment.  F o r  instance, la rqe  
pore s i z e  z e o l i t e s  such as 13X e x h i b i t  s e l e c t i v i t y  for the aromatic components of  mix tu re  
o f  aromatics and paraf f ins.  Replacinq the p o l a r i z i n q  c a t i o n  by pro tons  reverses the  
s e l e c t i v i t y  (14). 
by other cat ions,  namely H, Zn, Co i n  order t o  see the  e f f e c t  on s e l e c t i v i t y .  The 
o b j e c t i v e  i s  t o  f i n d  two z e o l i t e  forms that complement each other.  The r e s u l t s  a r e  
presented i n  Tables 3-6. 

The s u b s t i t u t i o n  o f  the  r a t i o n  chanqes the s e l e c t i v i t y  cons iderab ly ;  f o r  ins tance t h e  
capac i ty  of the sodium form f o r  a n i l i n e  i s  over 50 mq whereas tha t  of t h e  hydroqen and the  
z i n c  forms i s  10 and 14 mq respec t ive ly .  S i m i l a r l y  the capac i ty  of the  sodium and 
hydroqen forms f o r  cyclohexylamine i s  50 mq and i s  only 10 mq f o r  the  z i n c  form. Other 
compounds such as 1,2,5-tr imethylpyrrole are not af fected by the exchanqe. These r e s u l t s  
suqqest the  p o s s i b i l i t y  o f  us inq  two z e o l i t e s  tha t  complement each o ther  t o  improve the  
e f f i c iency  o f  separat ion.  For i ns tance the sodium and hydrogen form seems t o  be the  best 
combination. Indeed t h e  sodium form i s  most e f f e c t i v e  t o  remove a n i l i n e ,  benzylamine, 
cyclohexylamine, and t o  a l e s s e r  ex ten t  ethylamine but i s  unable t o  remove 
t r i m e t h y l p y r r o l e ,  decylamine, and octylamine. 
remove decylamine, octy lamine, and cyclohexylamine but unable t o  remove a n i l i n e .  Such a 
combination has not been t e s t e d  i n  t h i s  study. 

The 
4.61 mq N (1.36 mq N/q z e o l i t e )  f o r  the  coker naphtha, and 14.24 mq N 

The s o r p t i o n  capac i ty  f o r  the  model compounds i s  s i m i l a r  t o  t h a t  obtained f o r  vapour 

In a 

The 

The s e l e c t i v i t y  shown by a sorbent toward a sorbate i s  determined by severa l  types o f  

S i m i l a r l y  i n  t h i s  study the c a t i o n  o f  z e o l i t e  13X (sodium) was replaced 

The hydroqen form i s  most e f f e c t i v e  t o  
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Conc 1 us ion  

This  st.udy demonst.rat.es t.he poss ib i1 i t .y  o f  us inq  zeo1 i t .e~  for  t.he l a r q e  
scale s e l e c t i v e  removal o f  nitroqenous compounds from pet.roleum f ract ions.  The 
resu1t.s ind icat .e  the  d i f  f icu1t .y  o f  removinq a l l  nit.roqenous compounds 
i n d i s c r i m i n a t e l y .  Larqer  neut.ra1 compounds are not removed t o  any qreat. ext.ent. 
whi le  smal ler  bas i c  compounds are removed ext.ensively. 
co r rec ted  somewhat. by mod i f y inq  the  s e l e c t . i v i t y  o f  t he  z e o l i t e  by c a t i o n  
exchanqe. 

nitrogenous compounds conta ined i n  napht.has. The sorpt . ion capaci ty  obta ined 
wit.h naphthas i s  much lower than expect.ed based on t h e  model compound st.udy. 
This suqqests t.hat non-hitxogenous compounds are competing for t h e  sur face 
s i t es .  
t.he z e o l i t e  t o  i n h i b i t  t h i s  phenomenon. 
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Table 1 - Composition of model solutions 
Solution 1 Solution 2 

Compound ppm N Compound P P ~  N 

aniline 30.12 ani 1 ine 48.07 
1,2,5-trimethylpyrrole 28.20 3-ethyl pyridine 48.22 
benzyl amine 39.79 4-et hylpyridine 49.05 
n-oct yl amine 32.79 n-oct yl amine 44.40 
n-decyl amine 27.08 n-decylamine 35.95 
quinoline 32.02 1,2,5-t rimethylpyrrole 50.76 
indole 29.37 cyclohexylamine 54.41 
)-met hy 1 indole 26.74 benzylamine 51.21 
2,2 -dipyridyl 55.58 2,4,6-collidine 48.26 
1 -phenethylpiperidine 22. 88 tri-n-propyl amine 34.49 
2-phenylpyrydine 24.26 tert-butylamine 51.85 
dibenzylamine 26.48 
tetrahydrocarbazole 27.70 
carbazole 25.24 
2-met hyl acridine 19.40 
3,4-benzacridine 7.85 
2-aminochrysene 13.90 
phenothiazine 29.60 

Total N concentration 518.21 516.67 

Table 2 - Naphtha properties 
Hydroprocessed Coker 

Specific qravity 60/60 f 
Sulphur wt X 
Carbon wt I 
Hydroqen wt B 
Nitroqen wt X 

Bromide number 

Simulated distillation (wt %) 
Paraffins 
01 e f ins 
Naphtenes 
Aromatics 

0.74 
0.18 
85.98 
13.45 
0.005 

24 

55 
15 
19 
10 

0.75 
0.18 

85.25 
13.88 
0.002 

74 

24.61 
61.79 

0.0 
13.60 
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Table 3 - S e l e c t i v i t y  for  z e o l i t e  13X i n  t h e  sodium form (Na) 
~~ 

Compound 
Volume a t  Tot al 
breakthrouqh (mL) l oad ing  (mq) 

1,2,5- t r imethy lpyrro le  
n-decy lamine 
tri-n-propyl amine 
n-octylamine 
2,4,6-c01 l i d i n e  
3-ethy l  amine 
4-et h y l  amine 
cyclohexy 1 amine 
te r t -bu ty lam ine  
a n i l i n e  and benzylamine 
To ta l  

22 
82 
82 

105 
105 
144 
160 
162 
183 

not  broken throuqh 

12.16 
23.23 
26.00 
30.93 
42.76 
47.07 
51.66 
53.91 
44.77 

332.49 

Table 4 - S e l e c t i v i t y  f o r  z e o l i t e  13X i n  t.he hydroqen form (H) 

Volume a t  Loadinq a t  
Compound breakthrough (mL) breakthrough (mg) 

a n i l i n e  36 9.98 
1,2,5-t r i m e t h y l p y r r o l e  36 11.74 
3-et.h ylpyridine 45 14.31 
4 -e thy lpy r id ine  48 15.92 
2,4,6-col1 i d i n e  60 21.29 
t ri-n-propylamine 78 23.64 
n-decylamine 97 32.13 
n-octylamine 123 43.56 

cyclohexylamine 148 49.09 
tert.-butylamine n o t  broken throuqh 
T o t a l  267.51 

benzylamine 135 45.85 
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Table 5 - Se1ect ivi t .y  f o r  z e o l i t e  13X i n  t h e  z i n c  form (Zn) 

Compound 
Volume a t  Loadinq a t  
Breakthrough (mL) Breakthrouqh (mq) 

cyclohexylamine 20 6.80 
1,2,5- t r imet .hylpyrrole  42 12.41 
a n i l i n e  48 13.83 
3 -e thy lpyr id ine  56 1A.%3 
tri-n-propyl amine 68 20.88 
2 , 4 , 6 - c o l l i d i n e  12 26.31 
n-decyl ami ne 14 26.29 
4 -e thy lpyr id ine  78 25.95 
n-octylamine, t.ert-but.yl amine, and benzyl amine not broken throuqh 
Tot.al 150.16 

Table 6 - S e l e c t i v i t y  f o r  z e o l i t e  13X i n  t h e  coba l t  form (Co) 

Compound 
Volume a t  Loading a t  
Breakthrouqh (mL) Breakthrouqh (mq) 

a n i  1 i n e  
1,2,5-t rimet.hylpyrro1 e 
2 , 4 , 6 - c o l l i d i n e  
3 -e thy lpyr id ine  
4 -e thy lpyr id ine  
tri-n-propyl amine 
n-decyl amine 
n-oct.yl amine 
benzylamine 
cyclohexylamine 
t ,er t -butylamine not. broken throuqh 
Tot a1 

16 3.65 
16 4.91 
18 5.28 
18 5.43 

24 7.37 
67 22.89 
1 4  25.20 
1 5  25. 64 
19 27.13 

134.54 

23 7.04 
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FIGURE 1 - Selectivity of sorption of zeolite 13X for a standard mixture. 

1) benzacridine, 2) 1.2.5-trimethylpyrrole, 3) tetrahydrocarbazole, 
41 n-decylamine, 5)  2-methylacridine. 6 )  aminochrysene, 7) carbazole 
8 )  n-octylamine, 91 1-phenethylpiperidine, 10) phenothiazine, 
11) 2-phenylpyridine, 12) 3-methylindole, 13) dibyylamine, 
14) Indole, 15) quinoline, 16) aniline, 171 2.2 dipyriayl. 

Benzylamine did not elute after 150 mL. 
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.Fig. 2 - Breakthrough -e for: hydroprocessed naphtha ( c w e  1) 
and coker naphtha (curve 21 sorbed on zeolite 13X. 
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I 

I n t roduc t i on  

The chemical reac t i on  between coal char and steam t o  produce synthesis gas, CO and 
Hp, i s  wel l  known. These products can be used d i r e c t l y  as low-heating-value gas or  as  
Precursors f o r  t he  c a t a l y t i c  synthesis o f  methanol and ammonia, oxo canpounds, methane 
and petroleun subs t i tu tes .  More recent ly ,  however, i n t e r e s t  has centered on producing 
t h e  gas f o r  i t s  hydrogen content. 

The r a t e  o f  t he  reac t ion  i n v o l v i n g  char and steam i s  increased markedly by the  use 
o f  ca ta lys ts ,  p a r t i c u l a r l y  a l k a l i  metal compounds (L-A). Potassium carbonate, which i s  
canmonly recognized as the  best a l k a l i  ca ta l ys t  f o r  t h i s  reac t i on  ( 4 ) ,  was chosen as 
t h e  ca ta l ys t  t o  use i n  examining the  g a s i f i c a t i o n  of chars prepared f r a n  Ind ian  Head 
and Velva North Dakota l i g n i t e s ,  and Wyodak Wyoming subbituminous coal. These th ree  
low-rank coals were converted t o  chars and then reacted w i t h  steam a t  700°, 750' and 
800'C bo th  w i th  and w i thout  K C03 ca ta lys t .  The course o f  t he  reac t ion  was fol lowed by  
thennogravimetr ic ana lys is  (TZA). Sodium carbonate was a lso  used t o  ca ta lyze  the  Velva 
and Indian Head char-steam react ions.  Sod im carbonate i s  a l ess  expensive mater ia l  
than K2CO3 and, i f  shown t o  be an e f f e c t i v e  c a t a l y s t  i n  place o f  K2CO3. cou ld  reduce 
considerably the  cost o f  t he  conversion process. 

This paper repor ts  the  apparent Arrhenius energies o f  a c t i v a t i o n  (Ea) and pre- 
exponential f ac to rs  (A) f o r  t he  steam g a s i f i c a t i o n  o f  t h e  uncatalyzed and K2C03 - 
catalyzed Velva, I nd ian  Head, and Wyodak coal chars, and the  Na2C03-catalyzed Velva and 
Indian Head coal chars. 

Experi.emta1 

The th ree  low-rank coals and t h e i r  composition are  shown i n  Table I. Table I 1  
shows the  experiment matr ix.  Each coal was ground t o  100 x 140 mesh and a po r t i on  o f  
t h e  ground coal was mixed in t ima te l y  w i th  10 w t %  d r y  K2C03 o r  Na2C03 f o r  the  c a t a l y s t  
tes ts .  The coals i n  bo th  the  uncatalyzed and catalyzed form were d e v o l a t i l i z e d  and 
then reacted w i t h  steam i n  a Ou Pont 951 Theno-gravimetr ic Analyzer (TGA) i n te r faced  
w i th  a Ou Pont 1090 Thermal Analyzer. The d e v o l a t i l i z a t i o n  removed the  moisture and 
the  v o l a t i l e  mat te r  f r a n  the  coal and produced the  char containing the  ac t i ve  f i xed  
carbon f o r  the  steam-carbon react ion.  

(a )  oevo la t i l i za t i on .  
Approximately 20 mg o f  uncatalyzed o r  catalyzed coal was loaded on the  sample pan 

o f  the thermogravimetric analyzer. A f low of  275 mg/min Argon was passed through t h e  
reac t i on  chamber dur ing  the  d e v o l a t i l i z a t i o n  of t he  coal. The sample was heated a t  
100'C/min t o  one o f  th ree  temperatures, 700'. 750', o r  800°C. A f t e r  t he  t a r g e t  
temperature was achieved, isothermal heat ing a t  t h a t  tanperature was continued u n t i l  a t  
l e a s t  15 minutes t o t a l  t i m e  had elapsed. The r e s u l t l n g  char was he ld  under f low ing  
argon without coo l ing  u n t i l  t he  char-steam reac t i on  was i n i t i a t e d .  

The hydrogen can be p u r i f i e d  f o r  use as a fue l .  
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( b )  Char-Steam React ion. 
Steam was introduced through a s ide-am o f  t he  quartz furnace tube a t  a r a t e  o f  1-6 

mglmin. The argon f l o w  was reduced t o  100 mg/min dur ing  the  steam react ion.  As t he  
reac t ion  proceeded, t h e  l oss  o f  weight was recorded a t  t he  r a t e  o f  one data po in t  every 
t w o  seconds u n t i l  t h e  char reached constant weight. The r a t e  parameter, k, was 
ca lcu la ted  fran t h e  da ta  obtained and t h e  energy o f  a c t i v a t i o n  ( E a )  was ca lcu la ted  from 
the p lo ts  o f  I n  k verses l / T  f o r  t he  th ree  reac t i on  temperatures. 

Table I. Low-Rank Coal Composition. 

Proximate Analysis (AR) wt%: 
Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 

Carbon 
Hydrogen 
N i t rogen 
Oxygen (by d i f f )  
Sul f ur  

U l t imate  Ana lys is  (MAF) w t % :  

Ash Analysis (&% of  ash): 
Si00 

MgO 
Na20 

Ind ian  Head Vel va Wyodak 

36.62 
26.07 
30.50 
6.81 

70.4 
5.45 
1.40 

1.04 
21.7 

26.25 
10.73 
14.03 
0.53 
0.42 

15.95 
4.88 
7.97 

38.8 
25.3 
29.0 
6.9 

70.4 
5.30 
1.40 

0.60 
22.3 

19.6 
12.7 

5.8 
0.40 
0.60 

36.0 
10.20 
2.10 

30.99 
30.43 
32.96 
5.62 

73.7 
5.38 
1.22 

0.53 
19.1 

28.0 
15.0 
4.30 
1.20 
1.50 

6.60 
1.60 

21.7 

Table 11. Reaction o f  Devo la t i l i zed  Coal Char With and Without 10 w t %  Catalyst .  

Reaction Temp., "C 700 7 50 800 
Catalyst  l o n e  K2CO3 Na2C03 None KZCO3 Na2C03 None K2C03 Na2C03 

Coal Reacted: 

Indian Head X X X X X X x x x  
Vel va X X X X X X x x x  
Wyodak X X X X x x  

402 



Results and Discussion 

Pre l im inary  experiments were conducted t o  determi ne optimum operat ing parameters 
fo r  t he  reac t ion  on the  TGA. It was determined t h a t  a catalyzed o r  uncatalyzed low 
rank coal  sample s ize  o f  -20 mg produced a sa t i s fac to ry  quan t i t y  and q u a l i t y  o f  char 
when d e v o l a t i l  ized according t o  the  procedure discussed previously.  The devola- 
t i l i z a t i o n  appeared t o  be complete a f t e r  about ten  minutes. The temperature was 
maintained f o r  a minimun o f  an add i t iona l  f i v e  minutes t o  ensure un i fo rm i t y  i n  ca r ry ing  
ou t  t he  d e v o l a t i l i z a t i o n  step. The char was held a t  t h a t  temperature and the s t e m  
flow was started. Steam f l o w  ra tes  o f  0.5 t o  200 mg/min were inves t iga ted  i n  
p re l im inary  experiments t o  a l low se lec t ion  o f  a su i tab le  rate.  The f l ow  ra te ,  
optimized a t  1-6 mg/min, suppl ied steam a t  a r a t e  s u f f i c i e n t  t o  feed the  reac t ion  
wi thout showing signs o f  d i f f u s i o n  l i m i t a t i o n  and w i thout  causing condensation bui ld-up 
on the  cool pa r t s  o f  t he  balance. When excess steam f l o w  caused condensation t o  
c o l l e c t  on the unheated pa r t s  o f  t he  balance ann o r  on the  e l e c t r i c a l  con tac ts  o f  the 
balance o r  thermocouple, t he  instrument response became e r ra t i c .  

When the  optimum reac t ion  cond i t ions  had been determined, a l l  experiments were run 
i v  a t  l eas t  dup l i ca te  with exce l len t  rep roduc ib i l i t y ,  and r e a c t i v i t y  parameters were 
averaged f o r  use i n  ca l cu la t i ng  Ea and A. Since, i n  some experiments up t o  10 % o f  the  
ca lcu la ted  weight o f  t he  f i xed  carbon d i d  not reac t ,  90% conversion was considered 
complete f o r  i n te rp re t i ng  data shown i n  F igure  1 and 2. 

The react ions between uncatalyzed coal char and steam fo r  each of t he  th ree  coa ls  
when ca r r i ed  ou t  a t  750OC. showed t h a t  90% conversion o f  char ( f i x e d  carbon) was most 
rap id  i n  the  Velva l i g n i t e  (Figure 1). Ninety percent o f  Ind ian  Head and Wyodak char 
conven ion  occured a t  slower rates,  w i th  Wyodak being the  slower as expected because o f  
i t s  h igher  rank (5). 

Loading o f  1 6 - w t %  K2CO3 c a t a l y s t  gave the  data p lo t ted  i n  F igu re  2. Velva l i g n i t e  
chars achieved 90% conversion much more rap id l y  than any o f  t he  o ther  chars tested. 

The ca ta l ys t  loading o f  10 w t %  NaZCO on Ind ian  Head and Velva l i g n i t e s  was 
inves t iga ted  and compared w i th  the  resu l t s  &om K2CO3 c a t a l y s i s  (Figures 3 and 4). The 
c a t a l y t i c  e f f e c t  o f  10 wt'X Nd?CD3 was near ly  i den t i ca l  on a weight-to-weight basis t o  
tha t  o f  t he  K CO up t o  90% cc%version f o r  t h e  Velva coal. It appeared t o  be s l i g h t l y  
b e t t e r  than lzCd3 on a weight-to-weight basis f o r  ca ta lyz ing  the  Ind ian  Head char 
reaction. On a molar basis, however, KzCO3 was b e t t e r  f o r  ca ta l ys i s  of bo th  coal  
chars. 

Uncatalyzed and KpCO~-catalyzed coal  char-steam reac t ions  were a lso  ca r r i ed  ou t  a t  
700' and 800'C a t  t h e  1 % ca ta l ys t  loading. Mahajan. et .  al.. determined t h a t  a very 
useful parameter f o r  co r re la t i ng  char r e a c t i v i t y  data i s  the  t ime needed t o  reach a 
f rac t iona l  burn-o f f  o f  50% o f  the  char (7). The r e a c t i v i t y  parameter, K, was 
ca lcu la ted  f ran  the  conversion r a t e  data a t  700°, 750'. and 800°C based on weight o f  
char sample reacted a t  50% o f  f i x e d  carbon versus time. Arrhenius p l o t s  o f  I n  k 
versus 1/T were prepared (6). and Ea was ca lcu la ted  fran the  slope o f  the l i n e ,  an8.2 
was determined f r a n  the  Y- intercept (Figures 5, 6, and 7). These values are l i s t e d  i n  
Table 111. For chars fran Velva, Ind ian  Head and Wyodak low-rank coals, the add i t i on  
o f  K CO decreased the  apparent Ea by as much as 60% t h a t  of t he  uncatalyzed coal  
char! ?or  equal w t %  c a t a l y s t  loading Na2C03 was found t o  be a t  l e i s t  as e f f e c t i v e  as 
K2C03 i n  ca ta lyz ing  t h e  Velva and Indian Head char conversion. On a molar bas i s  
however the  sodium c a t a l y s t  would conta in  1.30 t imes as many metal ca t ions  as the  
potassiun ca ta l ys t  when the  coals are loaded w i th  equal weights o f  the  two  ca ta lys ts .  
Although the  NazC03 may not be as ac t ive  atom f o r  atom as ic2CO3. i t  was as e f f e c t i v e  i n  
lowering the apparent energy o f  ac t i va t i on  o f  t he  t w D  l i g n i t e s  on a weight- for-weight 
bas is  and i s  much less expensive. 

t 
, 
I 
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Table 111. The Apparent Energies of Ac t i va t i on  and Pre-exponential Factors Calculated 
from Arrhenius P l o t s  a t  0.5 o f  Fixed Carbon. 

Ind ian  Head Vel va Wyodak 
A - Ea - Ea* - A* * - Ea - A -  

As-received , 28.8 1 . 7 8 ~ 1 0 ~  29.8 4 . 1 1 ~ 1 0 ~  31.8 7 .67x106 

K2CO3 catalyzed 18.4 4 . 2 6 ~ 1 0 ~  11.5 1 . 8 5 ~ 1 0 ~  21.1 1 . 8 6 ~ 1 0 ~  

Na2C03 catalyzed 15.9 1 . 3 1 ~ 1 0 ~  11.9 2 . 2 5 ~ 1 0 ~  -- -- 

* Kcal/mole f i x e d  carbon 
** / h r  

A few selected examples o f  apparent energies o f  a c t i v a t i o n  fran recent l i t e r a t u r e  
are shown i n  Table I V .  Serageldin and Pan have suggested t h a t  the apparent energies o f  
a c t i v a t i o n  f o r  the  decomposition o f  coal change w i th  operat ing cond i t ions  i nd i ca t i ng  
tha t  more than one mechanist ic rou te  i s  ava i l ab le  (1). The data i n  Tables 111 and I V  
suggest t ha t  a l though coal rank i s  a f a c t o r  i n  determining t h e  r e a c t i v i t y  o f  coal char 
and consequently EA o ther  fac to rs  such as t ime and temperature invo lved i n  char 
preparat ion,  t he  quan t i t y  and type o f  mineral  mater ia l  i n  the  coal, the  gas content and 
composition as we l l  as type  and amount o f  ca ta l ys t  have an e f fec t  on the  value o f  EA 
and A (1,  2, 8-10). 

Table I V .  Selected L i t e r a t u r e  Values o f  Apparent Energies o f  Ac t iva t ion .  

Temp. 
Coal - Rank Atmosphere Cata lys t  Loadinp Range (K) & 

I l l i n o i s  No.6 B i t  He/Steam 5% Na (as Na2CO ) 873-1023 30.5 8 
He/Steam 10% Na (as NaZCd3) 873-1023 24.5 8 

Wyodak Subb i t  Heisteam 5% K (as  K CO ) 873-973 44.8 1 
He/Steam 10% K (as i2Cd3) 873-973 39.1 1 

inland Mine Subbi t  N2 723-823 12.0 2 

4% Na (as Na2C03) 723-823 11.0 2 
938-1223 16.1 2 

4% Na (as Na C03) 938-1223 15.4 2 

4% K (as  K2C03) 938-1223 13.6 2 
4% K (as  K2C83) 723-823 11.5 2 

PSOL-91 1023-1163 42.1 5 
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TIME. UlNUTD 
Figure 1. Uncdtllyzed I t e m  gar i f?cat ion  - carbon conversion I t  750'C. 

nuc  MINUTES 
Figure 2. K 2 C O j  Catalyzed I t e m  gasification-carbon conversion a t  750'C 
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Catalysis of Indian Head l i g n i t e  - s t e m  gasif ication a t  750'C. 
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Figure 4. 
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W T I  x10000 
Figure 5 .  Arrhenius plots of the react iv i t ies  o f  catalyzed and 

uncatalyzed Indian Head coal char with steam. 
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Figure 6. Arrhenius plots of the react iv i t ies  of catalyzed and 

uncatalyled Velva coal char wlth stem. 
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Figure 7. Arrhenius plots o f  the redct iv i t ies  of c a t a l y a  and 
uncatalyzed wyodak coal char with steam. 
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Coal Swelling i n  n-Amines and n-Alcohols 
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In t roduct ion .  Recent s t u d i e s  of t h e  s o l v e n t  s w e l l i n g  of c o a l s  have y ie lded  consider- 
a b l e  ins ight  i n t o  t h e i r  macrwolecular  s t ruc ture . ( l -6)  I t  i s  becoming increas ingly  
evident t h a t  hydrogen bond c r o s s l i n k s  play a c e n t r a l  r o l e  i n  t h e  swel l ing  behavior 
of many coa ls .  i a r s e n  and co-workers, f o r  example, demonstrated t h a t  t h e  degree of 
swel l ing  of two bituminous c o a l s  i n  good nonpolar s o l v e n t s  increases  i n  t h e  order  
unextracted<pyridine-extracted (0-methylated and O-acetylated.(6) 
a t t r i b u t e d  p r i m a r i l y  t o  t h e  progress ive  d i s r u p t i o n  of t h e  hydrogen bond c r o s s l i n k s  
i n  t h e  coa l .  
t h e  nonpolar s o l v e n t  cannot d i s r u p t  them, t h e  swel l ing  remains low. The pyridine- 
e x t r a c t i o n  s e r v e s  t o  only  p a r t i a l l y  d i s r u p t  t h e  c r o s s l i n k s .  The c r o s s l i n k s  a r e  
absent  i n  the  chemically-modified coa ls ,  and these  c o a l s  can expand t o  conta in  t h e  
so lvent .  Thei r  u l t i m a t e  d i s s o l u t i o n  i s  prevented by t h e  presence of covalent 
c r o s s l i n k s .  

7,8) 
groups i n  t h e  coa l .  
i n  volume upon exposure t o  so lvent .  Brenner, f o r  example, exposed a t h i n  s e c t i o n  
of I l l i n o i s  N o .  6 c o a l  to vapors of n-propylamine.(l) 
doubled i n  s i z e ,  and t h e  process was found t o  be h ighly  r e v e r s i b l e .  The c o a l  w a s  
a l s o  found to be h i g h l y  f l e x i b l e  i n  t h e  swollen s t a t e .  
p r imar i ly  to  the  breaking  of coal-coal hydrogen bonds ( i .e .  c r o s s l i n k s )  by t h e  n-pro- 
pylamine dur ing  t h e  swel l ing  process. 

Brenner's r e s u l t s  suggest t h a t  t h e  n-propylamine i s  hydrogen bonding t o  s p e c i f i c  
s i t e s  within the  I l l i n o i s  No. 6 s t r u c t u r e .  I f  so,  we thought t h e  number of s i t e s  
might be q u a n t i f i e d  by so lvent  swel l ing  measurements. 
clude o ther  n-alkylamines t o  s e e  i f  they might behave s i m i l a r l y  t o  n-propylamine. 
The r e s u l t s  on f o u r  d i f f e r e n t  c o a l s  a r e  presented and cont ras ted  wi:h those using 
n-alkylalcohols as swel l ing  s o l v e n t s .  

Experimental. 
Swelling Measurements. 
The experimental  technique has  been previous ly  described.(lO) 
200 mg of dry c o a l  was placed i n  a 7 mm 0.d. Pyrex tube sea led  on one end. 
was cent r i fuged  a t  1750 rpm f o r  5 minutes and the  he ight  of  c o a l  i n  t h e  tube w a s  
measured a s  h l .  Excess s o l v e n t  (3-4 mL) was added t o  the  tube,  which w a s  sea led  w i t h  
a rubber s topper  and immediately shaken. 
cen t r i fuged  aga in  f o r  5 minutes. 
The degree of s w e l l i n g  w a s  c a l c u l a t e d  as  Q, t h e  swel l ing  r a t i o .  

This order  is 

The unextracted c o a l  conta ins  many hydrogen bond c r o s s l i n k s  and s i n c e  

The swel l ing  of c o a l s  i n  polar  s o l v e n t s  has  a l s o  been s tudied  extensively.(l-5,  

Amines a r e  p a r t i c u l a r l y  e f f e c t i v e ,  with t h e  c o a l  o f t e n  doubling 
Polar s o l v e n t s  a r e  capable of i n t e r a c t i n g  s p e c i f i c a l l y  wi th  polar  f u n c t i o n a l  

The sample approximately 

This f l e x i b i l i t y  is a t t r i b u t e d  

We extended the  study t o  in- 

A l l  so lvents  were p u r i f i e d  according t o  s tandard  methods. (9) 

The coal  
B r i e f l y ,  about 100- 

P e r i o d i c a l l y ,  t h e  tube was shaken and 
The he ight  of swollen c o a l  was measured as h2. 

= h,,hZ = 1) 
volume of swollen c o a i  
volume of unswollen c o a l  

The meas'xernents were continued u n t i l  no f u r t h e r  change i n  Q occurred during a two 
week period. 

Coal Analyses. The four  c o a l s  used i n  t h e  s tudy  were d r i e d  under vacuum a t  l l O ° C  f o r  
T4 h r s  p r i o r  t o  swel l ing .  
b a s i s  a re  presented  i n  Table I. 

All s w e l l i n g  measurements were conducted at  ambient temperature. 

Thei r  elemental  ana lyses  on a dry ,  mineral-matter-free 
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TABLE I 

Elemental Analyses of Coals (Ut %) 

Coal C H N S,,, Oa Mineral Matter .. 
Wyoming Rawhide 72.3 5.2 0.95 0.51 21.0 7.5 
Texas lignite 70.6 5.5 1.3 1.2 21.4 8.3 
Illinois No. 6 78.9 5.6 1.4 3.4 10.7 14.0 
Bruceton 85.4 5.7 1.5 0.7 6.7 6.1 
a by difference 

Results. 
Swelling in n-Alkylamines. A series of z-alkylamines were used as swelling solvents 
for the various coals. Each value 
represents the average of 3 o r  4 measurements and the reproducibility was on the 
order of percent. The pyridine-extracted (Soxhlet) Illinois No. 6 and Rawhide 
coals were also studied to determine what effect the extraction process might have 
on the equilibrium swelling ratios. The extractabilities were found to be 18.3 per- 
cent and 5.8 percent for the Illinois No. 6 and Rawhide coals, respectively. 

The calculated awunts (mmoles) of solvent absorbed per g of dmmf coal are also 
presented in Table IT. The values were calculated according to the equation 

The swelling ratios are presented in Table 11. 

2) mmoles absorbed = (Q - 1) looo 
g of dmmf coal p V 

where Q is the swelling ratio, V is the molar volume of the solvent at 25'C, andp 
is the density of the coal. 
all coals. This calculation assumes additivity of volumes between coal and solvent. 
This assumption was not tested. 

A value of 1.3 g/mL was assumed for the density of 

TABLE I1 

Swelling Data of :-Alkylamines and Four Coals 
Bruceton Illinois No. 6 
Unexcracted Unextracted Extracted 

mmoles abs moles abs mmoles abs 
Solvent Q g dmmf coal Q g dmf coal Q g dmmf coal 

- n-propylamine 1.80 7.5 2.04 9.7 2.21 11.3 
- n-butylamine 2.09 8.5 2.23 9.6 2.25 9.8 
- n-hexylamine 2.32 7.7 2.72 10.0 2.62 9.4 

7.5 2.94 - 9.0 2.79 - 8.3 - n-octylamine 2.61 - 
Average : 7.8 9.6 9.7 

Big Brown Rawhide 
Unextracted Unextracted Extracted 

mmoles abs mmoles abs moles abs 
Q g dmmf coal Q dmmf coal Q g dmmf coal 

- n-propylamine 2.64 1 5 . 3  2.30 12.2 2.22 11.4 
- n-butylamine 2.94 15.1 2.44 11.2 2.34 10.4 
- n-hexylamine 3.27a 13.2b 3.03 11.8 2.74 10.1 
- n-octylamine 3.14a G b  3.14a - 10.Ob 3.0aa - 9.7b 
Average : 15.2 11.2 10.6 

a Not at equilibrium after 1200 hrs. 
b Excluded from average because swelling had not reached equilibrium. 
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Swelling i n  n-Alkyl Alcohols. 
Bruceton and Big Brown coa l s  so t h a t  t h e  r e s u l t s  could be  compared with those using 
the  =-alkylamines as swe l l ing  solvents .  
by t h e  coa l s  a r e  p re sen ted  i n  Table 111. 

A s e r i e s  of 5-alkyl  a l coho l s  were used t o  s w e l l  t h e  

The swe l l ing  r a t i o s  and the  amounts absorbed 

TABLE I11 

Swell ing Data f o r  n-Alkyl Alcohols and Two Coals 

Bruceton Big Brown 
Unextracted Unextracted 

mmoles abs m o l e s  abs  
Solvent 9 g dnrmf coa l  Q g d m f  c o a l  

methanol 1.18 3.4 1.67 12.7 

- n-butanol 1.21 2.2 1.66 6.8 

- n-oc t ano l  1.22 1.1 1.30 1.5 

Discussion. 
Swelling i n  n-Alkylamines. The degree of swel l ing of each c o a l  is observed t o  increase 
l i n e a r l y  with i n c r e a s i n g  s i z e  of the amine. This  r e s u l t  is shown i n  Figure 1, where 
Q is p lo t t ed  a g a i n s t  the molar volume of t he  solvent .  Bruceton c o a l  swells t h e  l e a s t  
i n  each so lven t ,  whereas Big Brown l i g n i t e  s w e l l s  the  most. (Note t h a t  some Q values 
were omitted from F igure  1 s i n c e  they were not  equ i l ib r ium va lues ) .  

A s  shown i n  Table  11, each coa l  absorbs nea r ly  a constant  amount of each amine. 
This  r e s u l t  suggest t h a t  t he  amines a r e  binding t o  s p e c i f i c  s i t e s  w i th in  the coa l ,  
and t h a t  each amine, r ega rd le s s  of i t s  s i z e ,  has equa l  a c c e s i b i l i t y  t o  t h e  binding 
sites. The degree of swe l l ing  inc reases  with inc reas ing  chain l e n g t h  of t he  amine 
because the c o a l  network must expand more t o  accommodate the l a r g e r  a l k y l  groups. 

The amines a r e  probably i n t e r a c t i n g  through hydrogen bonding wi th  oxygen func- 
t i o n a l i t i e s  i n  the c o a l s ,  s i n c e  oxygen i s  the most abundant heteroatom i n  the  coa l s  
and the  amines a r e  known t o  be s t rong  hydrogen bonding solvents .  I f  t h i s  is t r u e ,  
then the amounts of amine absorbed by the  coa l s  should roughly c o r r e l a t e  with the  
oxygen contents  of t h e  coa l s .  This  gene ra l  t r end  i s  observed, with the  amounts of 
amine absorbed by the coa l  i nc reas ing  i n  the o rde r  B r u c e t o n ( I l 1 i n o i s  No. 6 (Rawhide 
<Big Brown l i g n i t e .  

groups i n  the coal. However, the amounts absorbed by the  coa l s  exceed t h e  number 
of phenolic hydroxyl groups known to be present  i n  t h e  coa l s .  
No. 6 and Rawhide c o a l s  are reported to  contain approximately 3 and 5 m o l e s  hydroxyl 
groups p e r  g of d m f  c o a l . ( l l , l 2 )  
absorbed by the c o a l s  ( s ee  Table 11). 
o t h e r  sites i n  the  c o a l s  a s  w e l l .  
f unc t iona l  groups, which a r e  known t o  b e  present  i n  coa l s .  

equi l ibr ium swe l l ing  were measured f o r  some c o a l s  and solvents .  
va r i ed  dramatical ly ,  depending upon both coa l  and solvent .  
s en ted  i n  Table I V  for t h r e e  coa l s  and n-butyl- and n-octylamine. 
equi l ibr ium much f a s t e r  i n  _n-butylamine-than i n  _n-octylamine. 
apparent ly  prevents  r ap id  d i f f u s i o n  of t h e  amine i n t o  the coa l  network. 
l i b r ium times i n  n-octylamine inc rease  i n  the o rde r  I l l i n o i s  No. 6<Rawhide(Big 
Brown. 
h r s ,  demonstrating t h a t  c o a l  swel l ing can be an e x t r a o r d i n a r i l y  slow process. 

- n-propanol 1.20 2.6 1.69 9.0 

- n-hexanol 1.20 1.2 1.33 2.0 

The amines a re  probably hydrogen bonding t o  phenol ic  hydroxyl 

For example, I l l i n o i s  

These amounts a r e  much less than the  amounts o f  amine 

These sites may inc lude  e t h e r  and carboxyl ic  

Although a d e t a i l e d  k i n e t i c  s tudy w a s  not  undertaken, approximate times t o  

Apparently, t h e  amines a r e  i n t e r a c t i n g  with 

Equilibrium times 
These r e s u l t s  a r e  pre- 

The coa l s  reached 
The bulky o c t y l  group 

The equi- 

The_n-octylamine-Big Brown system was s t i l l  n o t  a t  equ i l ib r ium a f t e r  1200 
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I TABLE IV 

Approximate Swelling Times f o r  
n-Butylamine and n-0ctylamine and Three Coals 

Solvent I l l i n o i s  No. 6 Rawhide Big Brown 

- n-butylamine 1 h r  1 h r  5 h r s  
- n-octylamine 5 h r s  170 h r s  1200 h r sa  

a Not at equi l ibr ium a f t e r  1200 h r s .  

F ina l ly ,  pyridine-extracted I l l i n o i s  No. 6 and Rawhide coa ls  were a l s o  s t u d i e d  
t o  determine what e f f e c t  t h e  e x t r a c t i o n  process  has on the  equ i l ib r ium swe l l ing  r a t i o s .  
The r e s u l t s  i n  Table 11 r e v e a l  t h a t  the  e x t r a c t e d  c o a l s  s w e l l  t o  nea r ly  the  same 
degree a s  the  unextracted c o a l s ,  w i th  nea r ly  the  same average amounts of amine 
being absorbed. The r e s u l t s  suggest  t h a t  t h e  amines a r e  i n t e r a c t i n g  with t h e  unex- 
t r a c t e d  and ex t r ac t ed  coa ls  i n  a s i m i l a r  fash ion ,  and t h a t  t h e  binding sites wi th in  
t h e  coa ls  a r e  equal ly  access ib l e  t o  t h e  amines. 

Swelling i n  n-Alkyl Alcohols. Bruceton coa l  and Big Brown l i g n i t e  were swollen i n  
a s e r i e s  of n-alkyl a l coho l s  i n  o rde r  determine i f  they behaved s i m i l a r l y  t o  the  
amines. A s  shown i n  Figure 1, t h e  swe l l ing  r a t i o s  remain constant  a t  about 1.2 
f o r  t h e  Bruceton coal ,  r ega rd le s s  of the  s i z e  of the  alcohol .  For Big Brown l i g n i t e ,  
three of the smaller  a l coho l s  give swe l l ing  r a t i o s  of 1.65. The swel l ing drops o f f  
for n-hexyl a l coho l  and n-octyl a lcohol ,  suggest ing t h a t  these  swel l ing r a t i o s  a r e  
not y e t  a t  equi l ibr ium. As with t h e  amines, t h e  a l coho l s  s w e l l  t h e  l i g n i t e  more than 
the  Bruceton coal .  

The amounts of a l coho l  absorbed a r e  seen t o  decrease with inc reas ing  s i z e  of 
t h e  a l coho l  as shown i n  Table 111. Thus t h e  a l coho l s  do not have equa l  a c c e s s i b i l i t y  
i n t o  coa l  network, i n  c o n t r a s t  t o  t h e  amines. These r e s u l t s  a r e  cons i s t an t  w i t h  
calor imetry s t u d i e s  of Wightman and Widyani, who measured t h e  hea ts  of immersion of 
a Pocahontas No. 3 c o a l  i n  series of q -a lky l  a l coho l s . ( l3 )  They observed the  h e a t s  of 
immersion t o  decrease wi th  inc reas ing  s i z e  of the  a lcohol ,  and concluded t h a t  t h e  
smaller  a l coho l s  were a b l e  t o  pene t r a t e  t h e  coa l  s t r u c t u r e  more e a s i l y  than t h e  
l a r g e r  a lcohols .  

be r e l a t e d  t o  the  s t r e n g t h s  of t h e  coal-solvent i n t e r a c t i o n s .  The amines i n t e r a c t  
much more s t rongly  with t h e  c o a l s  than the  a l coho l s  because t h e  degree of swe l l ing  
is much g r e a t e r  i n  the  amines. The amines can be expected t o  d i s r u p t  coal-coal  
hydrogen bond c r o s s l i n k s  and, by doing so, t h e  coal  w i l l  be much more f l e x i b l e .  
The coa l  i s  then ab le  t o  expand t o  contain even the  l a r g e  g-octylamine. 
a lcohols  apparent ly  lack  t h i s  a b i l i t y  t o  d i s r u p t  the  hydrogen bond c r o s s l i n k s  s i n c e  
the  amounts absorbed by t h e  c o a l s  decrease with inc reas ing  s i z e  of t h e  a l coho l  ins tead  
of remaining constant .  

Conclusion. The swel l ing of four  d i f f e r e n t  coa ls  i n  s e r i e s  of n-alkylamines and 
“-alkyl a lcohols  were measured. For t h e  amines, t h e  amounts absorbed by the  coa ls  
remains constant  among the  s e r i e s ,  suggest ing t h a t  t h e  amines a r e  binding t o  s p e c i f i c  
s i t e s  within the  coal  network. Thus, the  p r i n c i p a l  d r iv ing  f o r c e  f o r  the  swe l l ing  
process  is  en tha lp i c  i n  na tu re  f o r  these  so lvents .  The a l coho l s  behave q u i t e  d i f f e r -  
e n t l y  toward the  coa ls ,  with the amounts absorbed by t h e  c o a l  decreasing with 
inc reas ing  s i z e  of the  alcohol .  T h i s  d i f f e rence  i n  behavior i s  a t t r i b u t e d  p r imar i ly  
Co the  i n a b l i t y  of the  a l coho l  t o  d i s r u p t  t h e  hydrogen bond c r o s s l i n k s  of t h e  c o a l  
network. 

The swel l ing r a t i o s  of  the  c o a l s  i n  o t h e r  l a r g e r  n-alkylamines can be p red ic t ed  
from the  r e s u l t s  presented i n  Figure 1. For example, Big Brown l i g n i t e  and Bruceton 
coal  a r e  predicted t o  have Q values  of 7.8 and 3.5, r e s p e c t i v e l y ,  i n  octadecylamine. 
However, the  swel l ing process  w i l l  probably be e x t r a o r d i n a z i l y  slow i n  t h i s  so lvent ,  
poss ib ly  r equ i r ing  s e v e r a l  months or years  t o  reach equ i l ib r ium a t  room temperature. 

The d i f f e r e n t  behaviors of the  amines and t h e  a l coho l s  toward t h e  coa ls  must 
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The covalen t ly  c r o s s l i n k e d  n a t u r e  of t h e  coa l  may a l s o  p l a c e  a l i m i t a t i o n  on 
how much i t  w i l l  s w e l l  i n  l a r g e r  n-alkylamines. For example, t h e  l i g n i t e  must expand ,/ 
t o  near ly  8 t imes its o r i g i n a l  voiume i n  o r d e r  t o  accommodate t h e  pred ic ted  amount 
of  octadecylamine. The e x i s t e n c e  of covalent  c r o s s l i n k s  may prevent  t h i s  degree of 
expansion. The swe l l ing  r a t i o  may, i n  f a c t ,  l e v e l  o f f  a t  some c r i t i c a l  amine s i z e .  
Seve ra l  f a c t o r s  w i l l  probably p l ay  a r o l e  i n  determining t h i s  c r i t i c a l  s i z e ,  includ- 
i n g  t h e  s t r e n g t h  o f  t h e  coal-solvent  i n t e r a c t i o n ,  t h e  populat ion of t h e  oxygen 
f u n c t i o n a l i t i e s  i n  the coa l ,  t h e  covalent  c r o s s l i n k  d e n s i t y  of t h e  coa l ,  and the  
f l e x i b i l i t y  of t he  macromolecular chains .  
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FIGURE 1; Plot of Swelling Ratios against Molar Volume of Solvenr for 
a Series of n-Alcohols and w h i n e s  and Several Coals. 
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THE RUTHENIUM(VIl1) CATALYZED OXIDATION OF TEXAS LIGNITE AND ILLINOIS NO. 6 

BITUMINOUS COAL. THE ALIPHATIC AND AROMATIC CARBOXYLIC ACIDS. 

Leon M. Stock, Kwok-Tuen Tse and Shih-Hsien Wang 

Department of Chemistry, University of Chicago, Chicago, I L  60637 

INTRODUCTION 

The structural elements in coals have been under study by modern methods 
in several laboratories over the past decade. 
out the need for specific reagents for the elaboration of the aliphatic net- 
work in these materials and have exploited the acid-catalyzed reactions of 
peroxyacids for the selective decomposition of the aromatic structural ele- 
ments (1-5). Unfortunately, the initial reaction products are often unstable 
under the reaction conditions and it is difficult to relate the structures of 
the observed products to the original structural elements gf the coals (5). 
Considerations of this kind and other objectives led us to consider the use of 
ruthenium(VII1) as an oxidant for coal. Sharpless and his associates recently 
pointed out that oxidation reactions with ruthenium(VII1) could be carried out 
very effectively in the presence of acetonitrile (6). Their suggestion led to 
the discovery that rutheniurn(VII1) i n  a nitrile-rich solvent was an excellent 
oxidant for coal (7). 

benzenes, alkylnaphthalenes, phenanthrenes and anthracenes have been investi- 
gated (7). The selectivity of the reaction is illustrated by the results for 
the oxidation of 2-naphthol and 4-pentylbiphenyl, equations ( 1 )  and (2). 

Deno and his associates pointed 

The oxidation reactions o f  representative hydrocarbons such as the alkyl- 

2-Naphthol - Benzene-1,2-dicarboxyIic acid ( 1 )  

C5H1 ,C6H4C6H5 - C5H1 C02H + C6H5C02H t C5H, ,C6H4C02H (2) 
(51%) (54%) (38%) 

The reagent has also been used successfully for the oxidation of Illinois No. 
6 coal (7). Further, the volatile monocarboxylic acids have been determined 
quantitatively using the oxidation reaction in conjunction with isotope dilu- 
tion techniques (10). Mallya and Zingaro investigated the oxidation of Texas 
lignite using ruthenium(VII1); they pointed out that ester groups were pro- 
duced during the reaction (8) .  
and a phase transfer catalyst for the oxidation of North Dakota lignite; they 
identified 16 principal products (9). 

This report concerns the similarities and differences we observed in  the 
product distribution obtained in the oxidation of Texas lignite and Illinois 
No. 6 coal. 

Olson and his coworkers employed the reagent 
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EXPERIMENTAL PART 

r 
Materials.--Ruthenium( 111) chlor ide  t r i hydra t e ,  carbon t e t r ach lo r ide ,  

a c e t o n i t r i l e ,  and e t h e r  were obtained from commercial sources. Authentic sam- 
p les  of the carboxylic ac ids  or e s t e r s  were obtained from commercial sources 
and from R. Hayatsu and R.E. Winans Wf t h e  Argonne National Laboratory. 
zomethane was prepared from Diazald. 

I l l i n o i s  No. 6 coal [77.2%C, 5.6%H, 0.68%N, 0.15%Cl, 2.95% organic S, 
0.89% p y r i t i c  S, 0.00% s u l f a t e ,  and 12.5% 0 (by d i f f e rence ) ]  was obtained from 
t h e  Peabody mine i n  Pawnee, I l l i n o i s .  Texas l i g n i t e  [70.0% C ,  5.0% H ,  1.5% N ,  
2.0% S, 19.6% 0 (by d i f f e rence ) ]  was obtained from the Wilcox formation near 
Rockdale, Texas and was supplied by N. Mallya. Each sample was ex t rac ted  
before oxida t ion  with aqueous hydrochloric ac id ,  aqueous sodium hydroxide, 
benzene-methanol, and chloroform a s  described by Hayatsu and coworkers (1 1 ) .  

Oxidation Procedure.--The oxidation r eac t ions  were ca r r i ed  out  as de- 
scribed previously (7 )  using coal (400 mg), ruthenium(II1) ch lor ide  t r i -  
hydrate (12 mg), and sodium per ioda te  ( 4  g )  in a mixture of carbon tetra- 
ch lor ide  (8 ml), a c e t o n i t r i l e  (8 ml) and water (12 ml). The mixture was s t i r -  
red f o r  about 24 hours a t  room temperature. The s o l i d s  were co l l ec t ed  by f i l -  
t r a t i o n  and the  organic and the aqueous phases were re ta ined .  The mildly aci-  
d i c  aqueous l aye r  was washed w i t h  four por t ions  of ether (15 m l ) .  
was also washed with e the r .  All the organic e x t r a c t s  were combined and dr ied  
w i t h  sodium s u l f a t e .  The so lvents  were removed w i t h  a ro ta ry  evaporator a t  
40°C. 
zomethane i n  e t h e r  (10 ml). The e t h e r  was ca re fu l ly  removed using a ro t a ry  
evaporator a t  room temperature. 
t h e  f i n a l  so lu t ion  was examined by gas chromatographylmass spectrometry. 

Gas Chromatography Mass Spectrometry. --The GC/MS r e s u l t s  were obtained 
u s i n g  an HP Model 5790A gas chromatograph w i t h  V G  Model 70-250 mass spectro- 
meter. The chromatograph was equipped w i t h  a 50 meter, OV-1701 ( 0 . 2 5 ~ )  cap- 
i l l a r y  column suppl ied  by Quadrex Corporation f o r  the ana lys is  of t h e  oxida- 
t ion products of t h e  I l l i n o i s  No. 6 coal.  
noted: 
50°C for one minute then t o  heat t o  270°C a t  t h e  r a t e  of 7OC/min and then t o  
hold a t  270°C. 
gas chromatograms of the products a r e  shown in Figures l a  and lb .  

In t h e  ana lys i s  of Texas l i g n i t e ,  a 60 meter Durabond 1701 ( 0 . 2 5 ~ )  cap- 
i l l a r y  column suppl ied  by J & W S c i e n t i f i c  Inc. was used. The conditions f o r  
the ana lys i s  are noted: injection por t ,  250°C, t h e  oven temperature was pro- 
gramed t o  hold a t  50°C f o r  one minute, and t o  hea t  t o  270°C a t  the rate of 
8"C/min and then t o  hold a t  270OC. The gas chromatogram of the oxidation pro- 
duc t  of Texas lignite is shown i n  Figure 2. 

chemical ion iza t ion  (CI) mass spec t r a l  analyses.  
reagent gas in t h e  chemical ionization work. 

RESULTS 

Dia- 

The so l id  

The ac ids  i n  t h e  concentrated so lu t ion  were methylated using 0.35M dia- 

This procedure was repeated t h r e e  times and 

The condi t ions  f o r  the ana lys i s  a re  

The 

in j ec t ion  p o r t ,  250°C; the oven temperature was programmed t o  hold a t  

The entire oxidation procedure and ana lys i s  was repeated. 

One scan p e r  second was used i n  low reso lu t ion  e!ectron impact (EI )  and 
Isobutane was used a s  t h e  

The oxidation r eac t ions  of Texas l i g n i t e  and I l l i n o i s  No. 6 bituminous 
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coal proceeded smoothly with the ruthenium ion catalyst and the carboxylic 
acids were isolated without difficulty. The esterification reactions were 
carried out exhaustively to insure that substances such as benzenetetracarb- 
oxylic acid were completely converted to the corresponding methyl esters. 
Capillary gas chromatography as described in the Experimental Part provided an 
excellent separation of the esters. In many cases, the structures of the pro- 
ducts were established by comparison with authentic samples. 
samples were not available, electron impact and chemical ionization mass spec- 
trometry were used to assign their structures in conjunction with libraries of 
mass spectral data. 
compounds including virtually every compound formed in greater than 5% yield 
relative to dimethyl butane-1.4-dioate. 
nor sulfur-containing compounds have been detected among the reaction products 
of these coals. Accordingly, we are continuing our study of the less abun- 
dant substances and of the substances that are not fully resolved by capillary 
chromatography. 

The results for the more prominant benzene and aliphatic carboxylic acids 
are summarized in Tables 1 and 2. 

When authentic 

These procedures enabled the identification of about 100 

It is notable that neither nitrogen- 

DISCUSSION 

Benzenecarboxyl ic Acids .--Ruthenium( V I  I I )  is a selective electrophi 1 ic 
oxidant. Phenolic compounds and activated polycyclic aromatic compounds are 
oxidized to benzenecarboxylic acids by the reagent (7). Neither phenolic com- 
pounds nor ethers, for example 4-hydroxy- o r  4-methoxybenzenecarboxylic acid, 
nor reactive aromatic compounds, for example naphthalene-2-carboxylic acid, 
are observed among the oxidation products. Rather, the reaction provides a 
broad array of benzenecarboxylic acids, some of which have methyl, methylene- 
carboxyl (CH CO H )  or oxocarboxyl (COCO H) groups bonded to the benzene ring. 
The absence gf iydroxyl and methoxyl degivatives in  the products coupled with 
a knowledge of the carbon atom balance strongly suggests that the benzenecarb- 
oxylic acids observed in this reaction account virtually quantitatively for 
the oxygen-free carbocyclic structures in  these coals. 

Five important features are apparent in the results for Texas lignite. 
Only 10-15 mole X of the products are benzenecarboxylic acids. Among these 
acids, benzene-1.2-dicarboxylic acid is the most abundant product. Neither 
benzene-1 ,3-, benzene-1 ,4-dicarboxyl ic acid, nor benzene-l,3,5-tricarboxyl ic 
acid are formed in  the reaction. Benzene-1,2-dicarboxylic acid, benzene- 
1,2,3-, benzene-l,2,4-tricarboxyl ic acid, and benzene-l,2,4,5-tetracarboxyl ic 
acid are produced in a 20:20:10:1 ratio. A variety of methylbenzenecarbox- 
ylic acids are also obtained. 

These results provide cogent evidence for the view that ortho substitu- 
tion patterns are predominant in the carbocyclic structures of this material and 
that biphenyl structures are insignificant. The more abundant benzenedi- and 
tricarboxylic acids presumably arise from naphthalenes, naphthols, and oxygen- 
containing heterocyclic compounds. The l o w  abundances of the tetracarboxylic 
acids indicate that the carbocyclic structures are not condensed to a signif i- 
cant degree. Thus, the results are incompatible with an important role for 
phenanthrenes or anthracenes. 

i 

* 
For convenience, the products are described as carboxylic acids rather 

than methyl esters in this discussion. 
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The Illinois No. 6 coal undergoes ruthenium(VII1) oxidation to yield a 
very different array o f  benzenecarboxylic acids. In this instance, benzene- 
carboxylic acids constitute about 25-30 mole % of the product. Benzene-l,2- 
dicarboxylic acid, benzene-1,2,3- and 1,2,4-tricarboxyIic acids and benzene- 
1,2,4,5-tetracarboxylic acid are the most prominant products. Only very small 
quantities of benzene-l,3- and 1,4-dicarboxylic acid and benzene-l,3,5-tri- 
carboxylic acid are formed. Benzene-l,2-dicarboxylic acid, benzene-l,2,3-, 
benzene-1,2,4-tricarboxylic acid, and benzene-1,2,4,5-tetracarboxylic acid are 
formed in a 0.8:0.9:1.2:1 ratio. This oxidation product also contains a 
variety of methylbenzenecarboxylic acids. 

The product distribution for Illinois No. 6 coal contrasts sharply with 
that for Texas lignite. The most prominant differences appear in  the large 
increase in the yields o f  the tri- and tetracarboxylic acids which indicate 
that the carbocyclic network o f  the Illinois coal is significantly more con- 
densed than that of the lignite. 

The oxidation reactions of these coals also yield aliphatic monocarboxy- 
lic acids (10). 
tative analyses indicate that the Illinois No. 6 coal used in this study yields 
1.7 moles of acetic acid/100 carbon atoms. This acid arises principally from 
the oxidation of methylated aromatic fragments. The results presented in Table 
1 indicate that avariety of other methylated compounds are also formed. Seve- 
ral lines of evidence now suggest that Illinois No. 6 coals contain between 4 
and 6 methyl groups per 100 carbon atoms (10,12). 

Aliphatic Carboxylic Acids.--Ruthenium(VIII) reacts selectively with acti- 
vated aromatic structures. Most aliphatic structures are stable. Thus, alkyl- 
aromatic compounds provide the corresponding alkylcarboxylic acids (RAr - RC02H), 
hydroaromatic compounds provide dicarboxylic acids (indan - pentane-l,5-dioic 
acid) and bridging alkyl fragments yield dibasic acids (bibenzyl - butane-1,4- 
dioic acid). Most aliphatic acids are stable under the reaction conditions. 
Unfortunately, the propane-l,3-dioic acids decompose as illustrated for the 
ethyl derivative in equation (3). 

Acetic acid is the predominant product of this kind. Quanti- 

CH3CH2CH(C02H)2 - CH3CH2C02H (3) 

In spite of this limitation, the ruthenium(VII1) oxidation provides both 
a better yield of aliphatic acids and a more diverse array of products than 
other oxidants such as the peracids (2,3). 

No. 6 coal are summarized in Table 2. 

tually all of the acids produced i n  greater than 5% abundance relative to 
butane-l,4-dioic acid have been identified. All the up-diacids from butane- 
1,4-dioic acid to undecane-1 ,ll-dioic acid are present. Many other diacids 
are also produced including almost every isomer o f  the 5,6, and 7 carbon atom 
derivatives as illustrated in equation (4). An interesting array of tri- and 
tetracarboxylic acids are also formed. 

The aliphatic reaction products obtained from Texas lignite and Illinois 

The oxidation of Texas lignite provides about 60 aliphatic acids. Vir- 

496 



A(CH2)4A > ACH(CH3)(CH2)2A > AC(CH3l2CH2A > 

ACH(CH3)CH( CH3)A > ACH2CH(C2H5)A (4b) 

A(CH215A > ACH2CH(CH3)(CH2)2A > ACH(CH3)CH(CH3)CH2A > 

AC( CH3)2( CH2)2A > ACH2C( CH3)2CH2A (4c) 

The interpretation of these results is complicated by the fact that se- 
veral of the products can be formed i n  different ways. To illustrate, pentane- 
1.5-dioic acid can be formed from four different structures: Ar(CH ) Ar, Ar- 
(CH I3CH(Ar) , indan, and 1-aryltetralin. Nevertheless, the result< grovide a 
basts for thg discussion of the complex aliphatic network in this coal. 

The product mixture obtained from Illinois No. 6 coal is  much less com- 
plex. About 40 compounds have been identified. In contrast to the lignite, 
only 5 a,w-dicarboxylic acids are obtained and there are correspondingly fewer 
di- and tricarboxylic acids. There is a considerable decrease in  the quanti- 
ties of the higher molecular weight aliphatic acids. 

The product distribution observed in this study is considerably more di- 
verse than that obtained in previous studies of the aliphatic network of this 
coal. Many of the aliphatic acids produced i n  the reaction of the lignite are 
also formed from this coal during oxidation, but the yields are uniformly 
lower. Thus, the structures of the two materials appear to be closely related. 

CONCLUSION 

Ruthenium(VII1) is a selective oxidant for activated aromatic compounds 
and, therefore, provides definite information concerning the less readily oxi- 
dized carbocyclic and aliphatic structural elements in these coals. There are 
significant differences in the benzenecarboxylic acid product distributions 
for Texas lignite and Illinois No. 6 bituminous coal. While it is clear that 
ortho structures are dominant in the two coals, the degree of condensation 
differs appreciably for these 70 and 77%C (daf) materials. Hayatsu and co- 
workers have commented on this difference previously (13). Ruthenium(VII1) 
oxidation provides the aliphatic mono-, di-, tri- and tetracarboxylic acids in 
greater quantity and structural diversity than other techniques, such as per- 
acid oxidation (2.31, designed to elaborate this structural element. 
Texas lignite and Illinois No. 6coal yield many of the same low molecular 
weight di- and tri- carboxylic acid. 
structure of the lignite is more diverse, the structures of the two coals 
appear to be correlated inasmuch as many of the products have similar three 
and four carbon fragments. Broadly, our results are compatible with the view- 
point that the carbocyclic aromatic network becomes more diverse and the ali- 
phatic network less diverse as coalification proceeds. 

Both 

While it is evident that the aliphatic 
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Table 1. The Benzenecarboxylic Acids Formed in the Oxidation of Texas Lignite 
and Illinois No. 6 Coal. 

Texas Lignite Illinois No. 6 
Number Abundancea Number Abundancea 

Compound 

Benzenemonoacid 

Benzene-1,2-diacid 

Benzene-l,3-diacid 

knzene-l,4-diacid 

Methy 1 benzened i ac ids 

Dime thy1 benzened i ac i d s  

Benzene- 1,2,3-triacid 

Benzene-1,2,4-triacid 

Benzene- 1,3,5-triacid 

Methy 1 benzenetri ac i ds 
b Dimethyl benzenetriacids 
b Trimethylbenzenetriacids 

Benzene- 1,2,3,4-tetraacid 

Benzene- 1,2,3,5-tetraacid 

Benzene-l,2 ,4,5-tetraacids 

Methylbenzenetetraacids 

Dimethylbenzenetetraacids 

Benzenepentaac i d 

b 

b 

b 

b 

W 

vs 
Not detected 

Not detected 

4 2M, 2W 

1 vw 
S 

vs 
vw 

5 vw 
2 vw 
Not detected 

W 

W 

W 

1 vw 
Not detected 

Not detected 

W 

S 

vw 
Not detected 

2 W,M 

1 vw 
vs 
vs 
vw 

5 4W,lVW 

2 vw 
4 3W, 1M 

M 
vw 
vs 

2 lM, 1VW 

1 w 
vw 

aThe relative abundances are based upon the relative ion currents with di- 
methyl butane-l,4-dioate adopted as 100%. 
5-15%; W 2-5% and VW 2%. 

than simple methyl groups. 

The notation is VS > 30%; S 15-30%; M 

bCertain of the methyl-containing molecules have CH2C02H fragments rather 
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I Table 2. The Relatively Abundant Aliphatic Carboxylic Acids Formed in the [Ixi- 
dation of Texas Lignite and Illinois No. 6 Coal. 

/ 

Texas Lignite Illinois No. 6 
Compounda Number Abundancea Number Abundancea 

2C2A 

3C2A 

4C2A 

5C2A 

6C2A 

7C2A 

8C2A 

9C2A 

10C2A 

11C2A 

3C3A 

4C3A 

1 

3 

5 

7 

7 

4 

1 

1 

2 

1 

1 

5 

vs 
ZVS, 1w 

ZVS,lM,lW,IYW 

1 VS ,4M, 2W 

1vs,3w,3vw 

1vs,1s,1w,1vw 
vu 
M 

lM, 1VW 

W 

vs 
1S,4M 

1 

5 

vs 
2VS.lW 

2S,lVW 

2M,2W ,2VW 

lW,lVW 

S 

1 M,3W, 1 VU 

5C3A 5 4M,lW 4 4w 

6C3A 

7C3A 

4C4A 

6 2M,4VW 1 

3 lM,ZVW 

1 vu 

W 

aThe numbers o f  unoxidized aliphatic carbon atoms in the structure are 
indicated first, followed by the number of acid groups. 
1 ,d-butanedioic acid or Z-methy1-1,3-propanedioic acid. 

Thus, 2CZA could be I 

bThe abundance is defined in footnote b of Table 1. 
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z. 
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Figure 1. Chromatograms (GCMS) o f  the oxidaiton products of  Illinois 
No. 6 coal obtained in fully independent experiments. 
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16. 
8. 
1. 
a. 
8. 
0).  

s. 
0. 

m. 

a. 
a. 
16. 
1. 
s. 
a. 
Is. 

Figure 2. Chromatogram (GCMS) o f  the oxidation product of Texas lignite. 
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